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ABSTRACT
THE EFFECT OF FREEZE/THAW TEMPERATURE FLUCTUATIONS
ON MICROBIAL METABOLISM OF PETROLEUM HYDROCARBON
CONTAMINATED ANTARCTIC SOIL.
By
Conrad G. Leszkiewicz
University of New Hampshire, May 2001

Petroleum contaminated soil exists at McMurdo Station in Antarctica. These soils
were contaminated with historic releases of JP-8 jet fuel. Over time, there does not
appear to have been significant reduction in the petroleum concentrations in these soils.
This lack of reduction has been attributed to the extremely cold Antarctic environment
and the lack of available moisture.
Cold temperatures and/or lack of moisture may not be the factors inhibiting
biodegradation. Soil temperatures can exceed 20 degrees centigrade (° C) during the
austral summer and melt water becomes available. However, the soil temperatures have
also been reported to fluctuate rapidly. Swings of soil temperatures have ranged over a
25° C interval several times during a period of hours. Rapid changes in temperature may
be most detrimental to microbial activity.
This research evaluated the biodegradation of petroleum contaminated Antarctic
soil at a low stable temperature (7° C). It also evaluated temperature fluctuations. This
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was accomplished through experiments using contaminated soil from McMurdo Station,
Antarctica.
The first experiment indicated that a statistically significant loss o f petroleum
hydrocarbons occurred at stable temperature. Approximately 440 mg/Kg of the starting
average petroleum hydrocarbon concentration (38 %) were lost by the 56th day of the
experiment. Approximately 163 mg/Kg of was lost from the volatilization control
reactors and 97 mg/Kg of from the fluctuating temperature reactors.
The second experiment showed a statistically significant 41 % reduction of
petroleum hydrocarbon concentrations at a stable temperature from a starting average
concentration of approximately 13,000 to an ending average concentration of
approximately 7,680 mg/Kg. Less than 650 mg/Kg was lost due to volatilization and
approximately 333 mg/Kg from the fluctuating temperature reactors.
The bulk of the petroleum hydrocarbon loss was due to biotic processes, indicated
by increased carbon dioxide in reactor effluent gas at stable temperature. The soils also
showed significant growth of petroleum hydrocarbon-degrading microorganisms. No
carbon dioxide above background concentrations was measured for the sterile,
volatilization controls or the fluctuating temperature reactors. Therefore, it appears that
temperature fluctuations have an inhibitory effect on biodegradation of petroleum
hydrocarbons in Antarctic soils.

XV
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INTRODUCTION

Background

Contamination of the environment by the inadvertent release of petroleum
hydrocarbons is a common byproduct of modem society. These include spills from oil
tankers, broken fuel transmission pipelines, leaking storage tanks, and fuel handling
facilities. Society has desired that adverse impacts to the environment be mitigated.
One of the main methods of restoring petroleum-contaminated sites is through the
use of microorganisms to detoxify and/or destroy the petroleum hydrocarbon
contaminants. As a result, extensive research has been conducted on biological
restoration of contaminated water and soils. Additionally, much data has been collected
from actual remediation of petroleum hydrocarbon contaminated soil and water that has
been conducted at numerous sites. From this work, it has been documented that many
petroleum organic compounds that are constituents of petroleum products including
gasoline, jet fuels, diesel fuels, and heating oils are readily amenable to mineralization by
microorganisms. The biodegradation half-life of diesel fuel, with nutrient amendments
has been shown to be 7 days at a temperature of 27° C (Song and Bartha, 1990).
The information obtained on the biodegradation of petroleum products, generated
both during both research studies and actual field implementation projects, however, has
typically been based on work performed at relatively warm temperatures o f 15 to 30° C.
This is due in part to the fact that rates of microbial activity increase with increasing

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

temperature (Todar, 1999). Additionally, the emphasis on warm temperature
biodegradation may possibly also be due to the fact that many of the locations of the
releases receiving attention are located near populated areas in temperate regions.
However, many regions where petroleum releases to the environment have
occurred are in cold regions that have ambient temperatures significantly lower than the
range of biodegradation temperatures typically used, including northern Alaska, Canada,
Siberia, northern China, Antarctica, and alpine zones in temperate regions. Average air
temperatures in these regions may rise to just several degrees above freezing for only a
few days or a few hours each day, each year (Nienow and Friedman, 1993). This lack of
data on the biodegradation of petroleum products, released as pollutants, into the
environment of cold regions, therefore, creates a special engineering problem for
remediation and site restoration.
The particular focus of this research is the potential biodegradation of petroleum
hydrocarbons at one of these cold region areas, Antarctica. In addition to the limited
study of cold temperature biodegradation of petroleum hydrocarbons that has been
performed, to date, the published results of one attempt to conduct in situ bioremediation
at McMurdo Station, in Antarctica, resulted in the finding that significant biodegradation
did not occur (Tumeo, 1997).
Cold temperature is often attributed as being the limiting factor in successful
biodegradation of organic compounds in cold environments. However, this may not
necessarily be completely true. That is, since many microorganisms can be expected to
be adapted to their environment, consumption of organic material is likely to occur even

2
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at cold temperatures. Microorganisms known as psychrophiles and psychrotrophs can
grow at temperatures at or near freezing (Russell and Hamamoto, 1998).

Research Objective

The major hypothesis of this research was that the most important key variable
that might affect biodegradation of hydrocarbons in Antarctica and possibly other cold
regions is rapid fluctuations in soil temperatures, and not necessarily cold temperatures.
That is, soils can warm to above freezing during the day even though air temperatures
remain at or below freezing (Harris and Tibbies, 1997). However, there may be frequent
temperature swings in soil temperature during the day across the freezing point that could
inhibit microbial activity. These may occur when cloud cover or topography limits or
prevents solar radiation from warming the soil. If soil temperature, albeit low, could be
stabilized, significant biodegradation of petroleum hydrocarbon might occur.
Therefore, the primary focus o f this research, was to assess whether maintenance
of a relatively low, stable temperature would facilitate biodegradation of petroleum
hydrocarbons. Specifically, this research attempted to evaluate the feasibility of this
hypothesis for petroleum hydrocarbons that had been accidentally released as a
contaminant to the soil at McMurdo Station in Antarctica. Associated with the evaluation
of the effect of temperature stabilization, this research included evaluation of this effect
using only indigenous hydrocarbon-degrading microorganisms to achieve biodegradation
at a lower temperature than normally considered for biodegradation of petroleum
hydrocarbons. This is critical since no non-native species may be introduced to
Antarctica (White, 1995).

3
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CHAPTER 1

LITERATURE REVIEW

Petroleum Contaminated Soil Biodegradation Potential

A special, cold region, soil contamination problem exists on the Antarctic
continent. Over years of exploration and research on the continent, there have been
numerous accidental releases of petroleum to ice and soils. These usually occur as a
result of spills during refueling or fuel transfer operations. Additionally, fuel is stored in
large on-site storage tanks, several of which have leaked as a result of age (Figure 1-1).
As a result, significant volumes and concentrations of JP-8 jet fuel, also known as diesel
fuel Antarctic (DFA), contaminated soils exist on-site at the McMurdo scientific research
station in Antarctica. These petroleum-contaminated soils have accumulated over many
years and have persisted without significant degradation (Tumeo and Wolk, 1994).
For many years it has been thought that these contaminated soils were not
treatable by bioremediation on-site in Antarctica. Typically, several environmental
parameters are thought to be necessary for favorable growth of the microorganisms and
effective degradation o f petroleum hydrocarbons. These include the presence of
hydrocarbon-degrading microorganisms, relatively warm temperatures, adequate oxygen
for aerobic degradation, availability of nutrients, suitable pH, and adequate water (Block
and Clark, 1990; Molnaa and Grubbs, 1990).

4
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Figure 1-1.
Petroleum Storage Tanks at McMurdo Station
(circled)

5
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Antarctica, however, has extremely harsh environmental conditions, which
include very low temperatures even during the short austral summer, very low moisture
levels, low levels of available nutrients, virtual absence of organic carbon, alkaline soils,
and an assumed absence of bacteria typically used for biodegradation of petroleum
organics. Evidence to support the belief in low rates of biodegradation can be found in
the remnants of past Antarctic expeditions. For instance, food, horse hay and even feces
from expeditions near the beginning of this century remain essentially intact today. Seal
carcasses have been found that have remained relatively intact for years, except for
drying through desiccation (Tedow and Ugolini, 1968).
However, there may be several other variables that should be considered when
evaluating the potential for bioremediation of petroleum hydrocarbons at the low
temperatures found in cold regions, and in Antarctica, in particular. It is known that there
are bacteria that are able to live and grow at low temperature. These bacteria, called
psychrophiles, are responsible for cycling a large fraction of the earth’s organic carbon,
including that in the oceans and in foods stored in refrigerators. Additionally, there are a
group of bacteria called psychrotrophs that function best at warmer temperatures, but can
still carry out many cell processes, albeit at a slower rate, at lower than optimum
temperatures (Gounot, 1991; Margesin and Schinner, 1994).
Many living creatures, however, are adapted to a relatively stable temperature
regime. While there may be an upper or lower bound to a temperature that a given living
creature has adapted itself to, and in which it can survive, there is a requirement for that
regime to be relatively stable. For instance, if ambient temperature changes too rapidly
and/or too often there is limited time for the organism to adjust its metabolic processes

7
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and structural components to the varying environmental conditions. This lack of
response time may not allow the microorganism to produce necessary enzymes to
function effectively or adjust the lipids in the cellular membrane, for instance. The result
could be loss of microorganism viability (Gumley, 1996; Whyte et al., 1996).
Also, many of the cold regions of the world, like warmer regions, are subject to
additional constraints that might limit the rate of microbial activity. For instance, in
desert areas, even though an environment might have relatively warm temperatures for
long periods of time, there may be an absence of moisture. Without moisture, life is
extremely inhibited (Kennedy, 1993). On the other hand, excess moisture can result in
very slow rates of microbial activity due to the lack of oxygen, such as is evidenced in
Alaskan tundra soils (Moorhead and Reynolds, 1993). If there is sufficient water, the
water has to be available to the microorganism in liquid form. Temperatures significantly
below freezing will prohibit moisture availability.
The rates of decomposition of organic material can also be limited by availability
of nurtents since nutrients such as nitrogen and phosphorous, etc. are necessary for cell
metabolism and growth. The soils in Antarctica are poorly developed, and generally
devoid o f organic matter. Also, soils that are either very acidic or too alkaline can be
inhibitory to many microorganisms. Antarctic soils have been described as generally low
in nutrients and alkaline. Additionally, like many desert soils, the soils are also reported
to be saline at certain locations (Bockheim, 1997; Campbell and Claridge, 1987).

3
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Petroleum Hydrocarbons

Petroleum products such as gasoline, fuel, and lubricating oils are complex
mixtures of hydrocarbon compounds. These compounds are composed almost entirely of
carbon and hydrogen atoms. The compounds vary in the number of carbon atoms in their
molecules and in the structure of those molecules. However, carbon atoms typically
comprise approximately eighty five percent of the mass of the hydrocarbon molecule.
Gasoline includes hydrocarbon compounds that are comprised of four to twelve carbons.
Fuel oil No. I, kerosene, typically contains hydrocarbon molecules ranging from eight to
twenty carbons in composition. Fuel oil No. 2, diesel, usually contains hydrocarbon
molecules made up of anywhere from eight to twenty eight carbon atoms, and No. 6 fuel
oil, bunker oil, contains hydrocarbon molecules that contain from twelve to forty carbons
atoms in their structure (Potter and Simmons, 1999a).
The molecular structure of these petroleum hydrocarbon compounds includes
straight and branched chain alkanes, cycloalkanes, and aromatics. The straight and
branched chain alkanes are saturated chains of hydrocarbons that contain only carboncarbon and carbon-hydrogen single bonds. The cycloalkane compounds are molecules
with saturated carbon chains in ring form. They have covalent bonds connecting all
carbons with two hydrogen atoms at each carbon. The aromatic compounds have a sixcarbon benzene ring structure. The aromatic rings have alternating covalent bonds. The
cycloalkanes and the aromatic hydrocarbons may also have straight chain alkanes
attached to the ring as side groups (Potter and Simmons, 1999b).
Petroleum hydrocarbons are distilled over a range of boiling points for a variety
of purposes. Gasoline is typically in the lighter and more volatile end of the spectrum,
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ranging through jet fuels, kerosene (No. 1 fuel), diesel (No. 2 fuel), to No. 6 heating fuel
on the other end. Fuels become more viscous as the grade moves from gasoline to No. 6
fuel. The pour points for some jet fuels and kerosene is as low as -60° C while the pour
point for the more viscous No. 6 fuel oil is 46° C which requires preheating. This
viscosity also increases with decreasing temperature. Jet fuel has been classified into JP4, JP-5, and JP-8. Jet fuel JP-4 encompasses the boiling point ranges of gasoline to
kerosene and has a boiling point around 38° C (Perry and Green, 1994).
Jet fuel JP-8 consists primarily of hydrodesulfurized kerosene with a boiling point
above 163°C. Because it has a higher flash point and is safer to handle than gasoline or
JP-4, jet fuel JP-8 is used as the heating fuel and the source of energy to power electrical
generators at McMurdo Station, instead of more viscous fuels that would congeal in the
Antarctic cold. Below is a presentation of several physical properties for gasoline and the
three types of kerosene based jet fuels, plus kerosene (Exxon, 1999; Mobil, 1999a,b).
Table 1-1
Petroleum Hydrocarbon Fuels Physical Characteristics
Vapor Pressure

Boiling Point

Flash Point

> 400 mm Hg

35° C

- 40° C

Jet Fuel JP-4

>10 mm Hg

00o
n

Fuel

- 23° C

Jet Fuel JP-5

<0.5 mm Hg

170° C

+60° C

Jet Fuel JP-8
Kerosene

0.1 mm Hg
0.1 mm Hg

160° C
205° C

> +38° C
> +38° C

Gasoline

From the presentation o f physical data it can be seen that jet fuel JP-8 is less
volatile than gasoline and jet fuel JP-4. A JP-8 chromatogram is shown at Figure 1-2.
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Jet fuel JP-8, also known as diesel fuel Antarctic (DFA), which is primarily
kerosene, contains a wide mixture of hydrocarbon compounds each containing from
approximately eight to twenty carbons. The straight chain alkanes usually make up
approximately 45 to 55 % of the fuel. The branched chain alkanes contribute
approximately 10 % of the composition, while approximately 10 to 15 % of the
hydrocarbon compounds are aromatic compounds. Approximately 35 % of the
hydrocarbons in JP-8 may be compounds of cycloalkanes, (Potter and Simmons, 1999a).

Petroleum Hydrocarbon Degradation

Hydrocarbons are ubiquitous in the environment, and a large fraction of
hydrocarbon compounds found in many petroleum products, are not necessarily complex
in their chemical structure. Although the actual proportion of each type of hydrocarbon
molecule varies with the petroleum product and the particular mixture produced by the
manufacturer, a review of the chemical structure of petroleum hydrocarbons suggests that
many of them should be biodegradable. Additionally, petroleum hydrocarbon molecules
provide a potentially rich source of energy since they are comprised of a high percentage
of carbon atoms with only hydrogen atoms attached. These compounds are considered to
be in a more reduced form, compared to other carbon substrates, such as glucose. They
result in high biomass yields as long as sufficient oxygen is present (Shuler and Kargi,
1992g; Gaudy and Gaudy, 1980g).
Approximately eighty five percent of the mass o f a petroleum hydrocarbon
molecule consists of carbon atoms and are very similar in their structure to lipids (fats).
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Since these compounds should provide a rich source of energy for growth and cell
maintenance, it would seem logical that many groups of bacteria should be able to use
hydrocarbons as a food source. A review of available data and research indicates that
many petroleum hydrocarbons, including jet fuels, are relatively biodegradable at
moderate or elevated temperatures (Dineen, et al., 1989; Riser-Roberts, 1998b).
Microbiological Need for Petroleum Hydrocarbons

In order for microorganisms to be expected to biodegrade petroleum
hydrocarbons, and JP-8, in particular, there must be a driving force to push the
microorganisms to attack the petroleum hydrocarbon. Microorganisms, as do all living
things, need energy to live and grow. Some microorganisms derive this energy from
carbon dioxide in the atmosphere. For many microorganisms, this energy comes from
the metabolism of an organic substrate. This group of microorganisms, known as
chemotrophs use the carbon contained in molecules of various organic substances as a
source of energy and material.
Microbial processes can be broken into two phases that are directly linked. The
phase that is of most concern for removal of petroleum hydrocarbon contamination is the
process o f catabolism. In this process, the petroleum hydrocarbon is broken down into
smaller components from which the microorganism can obtain energy, electron carrier
molecules, and smaller structural components that can be used to sustain life, and/or build
new cells (reproduce). This process as it pertains to petroleum hydrocarbon degradation
is summarized in a subsequent section of this dissertation. Catabolism of organic
substrates is usually driven by anabolism. Without anabolic processes, the catabolism of
hydrocarbons would not occur (Shuler and Kargi, 1992a).
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Anabolism

Anabolism is the term applied to microbial activities that result in the construction
of new cell structural components, including replication to new cells. Through this
process, the microorganisms gather nutrients such as ammonia-nitrogen, phosphorous,
and various organic materials including sugars and fatty acids. These materials are
brought into the cell across the membrane where they are used to form monomers such as
amino acids, polysaccharides, larger fatty acids, and vitamins. From these materials, the
cell can produce larger molecules through polymerization to produce proteins, nucleic
acids, and lipids. Tnese lurger molecules are then used as building blocks to form cell
membranes, cell wall, enzymes, RNA, and DNA.
During anabolic processes, energy is required to form the larger molecules. This
energy is expended in the formation of specific enzymes that can be used to catalyze
various reactions and join smaller structural components together. Where possible, the
cells will recycle material including changing enzymatic material from one form of
enzyme to another in order to complete the necessary reactions. Also, the cell will use
material that may already exist in the environment, such as small size fragments of
hydrocarbons that it can incorporate into its cell structure. Nonetheless, energy has to be
derived to drive the process of anabolism.
Petroleum hydrocarbons are important to many microorganisms because they
provide a rich source of organic carbon substrate. Petroleum hydrocarbon biodegradation
has been demonstrated as being carried out by a variety of specific microorganisms,
including bacteria and fungi. Each of these microorganisms may use different, specific
enzymes and predominate under specific environmental conditions. The most commonly
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reported hydrocarbon-degrading bacteria have been reported to be Pseudomonas,
Arthrobacter, Alcaligenes, Corynebacterium, Flavobacterium, Achromobacter,
Micrococcns, Nocardia, Rhodococcas, and Mycobacterium (Kostecki and Calabrese,

1993).
Catabolism

The three methods of catabolism under which petroleum hydrocarbon may occur
are aerobic respiration, anaerobic respiration, and fermentation. The petroleum
hydrocarbon degrading process most often studied, however, is aerobic respiration where
molecular oxygen and oxygen from water molecules is used to drive the biochemical
reactions. Since aerobic respiration is the most rapid o f the petroleum hydrocarbon
degrading mechanisms, it usually receives the most attention in bioremediation studies of
petroleum hydrocarbon contaminated soils. Therefore, the catabolic process in relation to
petroleum hydrocarbon attack that is described below considers only aerobic respiration.

Aerobic Respiration and Hydrocarbon Degradation

Through aerobic respiration, petroleum hydrocarbons are ultimately converted to
energy and cell biomass, with the production of carbon dioxide and water. While some
of the carbon in the organic substrate can be incorporated into the cell directly, either as a
storage product or in the cell membrane, the building o f new cell mass typically requires
energy to drive anabolic reactions. The process of degradation of the organic substrate
itself also requires energy. Therefore, the most efficient process is likely to be the one
that yields the most energy for the amount of energy invested by the microorganism. Of
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the three metabolic processes, the most efficient mechanism for obtaining energy is
through aerobic respiration (Alberts et al., 1998a).
Aerobic respiration usually results in more energy being obtained from the
degradation of petroleum hydrocarbons than anaerobic or fermentation processes.
Anaerobic and fermentation processes are also inherently much slower for a given
temperature than aerobic reactions. They also require more energy to complete the break
down of the organic substrate, and therefore, result in less net energy from metabolism of
the organic material. Since the Antarctic austral summer is relatively short, it is
important that the most rapid bioremediation process be implemented. Therefore, the
most promising degradation method is likely to be aerobic respiration.
There are four key steps in the catabolism of petroleum hydrocarbons. These
include terminal oxidation, beta-oxidation, the tricarboxylic acid (TCA) cycle, and
oxidative phosphorylation. Energy to drive the various anabolic reactions and support
microbial life is derived from adenosine triphosphate (ATP). This is a high-energy
molecule that is produced through the tricarboxylic acid TCA cycle and oxidative
phosphorylation (Gaudy and Gaudy, 1980c).
During aerobic biodegradation, oxygen is used for the initial step in break down
of the petroleum hydrocarbon, either through terminal oxidation, or through ring cleavage
of the hydrocarbon molecule. Oxygen is also crucial to the formation of adenosine
triphosphate (ATP) in the cell membrane during the process of oxidative
phosphorylation. Although oxygen is not necessary for the TCA cycle itself, it is
necessary in the Tricarboxylic Acid Cycle to serve as an electron acceptor for various
electron carrier molecules (Riser-Roberts, 1998e).
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Prior to a hydrocarbon substrate entering the high energy producing TCA cycle,
the organic substrates must be broken down into smaller units (acetyl Co-A). Organic
substrates consisting of carbohydrates and sugars are first processed through a
mechanism known as glycolysis to form pyruvate molecules. The pyruvate molecules
are converted to acetyl Co-A in the TCA cycle. Hydrocarbons are typically first
processed through one of two steps, either terminal oxidation or ring cleavage. Terminal
oxidation, and ring cleavage are preparatory steps that convert the hydrocarbon to a fatty
acid. The products of terminal oxidation and ring cleavage are further modified through
beta-oxidation. Beta-oxidation converts the generated carbon fatty acid molecules to
two-carbon acetyl Co-A molecules. These acetyl Co-A molecules can then directly enter
the TCA cycle (Gaudy and Gaudy, 1980e).
Terminal Oxidation

Terminal oxidation of aliphatic hydrocarbon molecules takes place at the terminal
methyl group at the end of the hydrocarbon molecule (Figure 1-3). This is the step that
requires molecular oxygen. The process consists of addition of an oxygen molecule
using oxygenase enzymes. Energy is provided for this reaction from nicotine adenine
dinucleotide (NADH2 ), an electron carrier molecule. Byproducts of this first step are a
water molecule, NAD, and the formation of a primary alcohol. Dehydrogenase enzymes
and the cofactor NAD are then used to reduce the alcohol to an aldehyde by removal of
two hydrogen atoms and creating NADH2 . The aldehyde is further converted to a fatty
acid through the addition of a molecule of water and a further removal of two hydrogen
atoms as in the previous step and production of another NADH2 . The fatty acid produced
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Figure 1-3. Terminal Oxidation
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can then be degraded through beta-oxidation to produce acetyl Co-A for use in the TCA
cycle (Gaudy and Gaudy, 1980d).
The terminal oxidation step produces a net of 1 NADH2 molecule per petroleum
hydrocarbon molecule oxidized. Therefore, this step, by itself, can provide energy for
other reactions. Although the amount of energy is relatively low compared to other
processes, it can be significant. It is noteworthy also, that the terminal oxidation process
does not result in the production of carbon dioxide.
Ring Cleavage

Aromatic hydrocarbon compounds require a different approach to become
oxidized. The process still requires molecular oxygen. Molecular oxygen and NADH2
are used to change the benzene ring structure forming a dihydroxy-dihydrobenzene
molecule. The addition of oxygen and hydrogen atoms saturates the carbon bonds at one
side of the benzene ring. Two hydrogen atoms are subsequently removed using NAD to
form catechol. Additional oxygen is then added to break the benzene ring and form cis,
cis-muconic acid (Figure 1-4). Once open and formed to an acid, the petroleum
hydrocarbon can be metabolized to acetyl Co-A through the steps similar to those for
terminal and beta-oxidation (Riser-Roberts, 1998e).
There is a net loss of energy for this process. Two molecules of NADH2 are
consumed while only one molecule of NADH2 is produced. Therefore, the ring cleavage
process is less attractive for microorganisms and is probably a reason why biodegradation
of aromatic hydrocarbons is not as readily performed as biodegradation of the straight
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Figure 1-4. Ring C leavage
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and branched chain alkane compounds. The ring cleavage oxidation process, like
terminal oxidation, does not produce carbon dioxide.
Beta Oxidation

After terminal oxidation or oxidative cleavage has reduced the hydrocarbon to a
fatty acid, some of the smaller fatty acid molecules can be incorporated directly into the
cell. However, the remaining hydrocarbons must be further metabolized to smaller two
carbon acetyl Co-A molecules through beta-oxidation. Beta-oxidation is the critical step
for the complete degradation of petroleum hydrocarbon (Kostecki and Calabrese, 1993).
Figure 1-5 depicts the beta-oxidation process. The process is initiated using acylCoA synthetase enzymes, coenzyme A (CoA) and energy provided from ATP to produce
a fatty acyl-CoA molecule. A dehydrogenase enzyme and a cofactor flavin adenine
dinucleotide (FAD) remove two hydrogen atoms from the alpha and beta carbons,
reducing the FAD to FADH2 . A water molecule is then added to the hydrocarbon by a
hydratase enzyme. Another dehydrogenase enzyme removes the two water hydrogen
atoms and transfers them to an NAD election carrier, reducing it to NADH2 .
The last step in the process is the breaking off of a two-carbon section of the
molecule by a thiolase enzyme and coenzyme A (CoA) resulting in a molecule of acetylCoA. The remainder of the fatty acyl CoA molecule (less two carbon atoms) goes back
through the process described above until it is completely degraded. Figure 1-6 shows
the sequential steps in the breakdown of a petroleum hydrocarbon molecule (hexadecane)
to acetic acid. During the beta-oxidation process, no carbon dioxide is produced. Each
successive repetition of the beta-oxidation process generates one molecule of FADH2 ,
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Figure 1-5. B eta Oxidization
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Figure 1-6.
S u c c e ssiv e D egradation of a
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one molecule of NADH2 , and molecule of acytel CoA, which are also sources of energy
(Paustian, 2000). One molecule of ATP, however, is also required. Therefore, the
production of NADH2 and FADH2 may be considered a balance for the ATP consumed.
However, the generation of acetyl CoA produced is necessary for processing of the
hydrocarbon through the TCA cycle. The complete breakdown of hexadecane, shown on
Figure 1-6, can result in 7 molecules of acetyl Co-A.
Tricarboxylic Acid Cycle

During aerobic respiration microorganisms obtain energy and material for
biosynthesis by processing organic substrates. The main pathway for obtaining energy
from hydrocarbons, both for cell maintenance, and for creation of new cell biomass, is
through the Tricarboxylic Acid (Krebs or Citric Acid) Cycle. In this process, molecules
of acetyl Co-A, a two-carbon fragment broken from a longer hydrocarbon molecule is
metabolized to produce energy with carbon dioxide as a byproduct.
Energy produced from this process includes three NADH2 , one FADH2 , and one
guanine triphosphate (GTP) molecules (Alberts et al., 1998a). A simplified schematic of
this process is shown on Figure 1-7. The importance of the TCA cycle can be seen when
the total energy molecules produced from acetyl Co-A are added up. For instance, while
the beta-oxidation steps themselves, do not result in a net generation of energy, the 7
acetyl Co-A molecules generated from hexadecane, or a lesser number of acetyl Co-A
molecules from a shorter hydrocarbon, can result in substantial numbers of energy
molecules being formed. This surplus of energy is necessary for construction of cells
from smaller hydrocarbon fragments and carrying out various enzymatic reactions.
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Figure 1-7. Tricarboxylic Acid Cycle
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The TCA cycle is also important in that products may be produced during the
cycle that can be used in biosynthetic operations without necessarily being completely
processed through the cycle. These products can include succinyl Co-A, succinate,
fumarate, malate, and oxaloacetate (Gaudy and Gaudy, 1980c).
Oxidative Phosphorylation

Energy is produced through the terminal oxidation process directly, or indirectly,
through the beta-oxidation process and then the TCA cycle. Ultimately, the energy
produced, in the form of electron carrier molecules is used in various processes to support
the cells. One of the main processes is the oxidative phosphorylation process in the cell
plasma membrane. This process is used to generate adenosine triphosphate (ATP) from
adenosine diphosphate (ADP).
In this process, NADFT or FADH2 release two electrons and are converted to
NAD or FAD. The two electrons are then used to attach a high-energy phosphate
molecule to ADP, thereby creating ATP. In the process, two hydrogen atoms are
released, and along with oxygen, for water (Figure 1-8). This is the second step in the
hydrocarbon degradation process that requires molecular oxygen. The ATP serves as a
high-energy source in the biosynthesis of new cell material and for beta-oxidation.
The ATP that is produced will be used to release energy in anabolic reactions,
which joins fragments of organic material to form new cell biomass. The fragments of
organic material may be obtained from degradation of the hydrocarbon molecules or
other sources. ATP is also used to sustain cell functions, including maintenance of the
hydrogen ion pump, which is used to import solutes into the cell cytoplasm (Alberts et
al., 1998b).
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Figure 1-8. Oxidative P hosphorylation
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Hydrocarbon Type Preliminary Degradation Processes
The preliminary degradation sequence is somewhat different for the alkanes,
cycloalkanes, and aromatic hydrocarbons. The actual, detailed degradation pathway for
all hydrocarbon breakdown mechanisms is not completely understood, especially for
cycloalkanes. This is due, in part, to the fact that pathways may be different for the
particular petroleum hydrocarbon molecule being degraded since hydrocarbon fuels,
including jet fuel, are composed of a wide range of various hydrocarbon molecules. Each
of these molecules contains a variety of components of different carbon structure and
concentrations. Also, because many petroleum hydrocarbon-degrading microorganisms
exist, petroleum hydrocarbon molecules are likely to be metabolized in various ways
(Potter and Simmons, 1999a).
Straight Chain Alkane Degradation

The petroleum hydrocarbons most readily used by microorganisms are the group
of straight chain, saturated hydrocarbons known as alkanes. These hydrocarbons have
carbon atoms linked together in a row with covalent bonds. All the other bonds in the
molecule contain hydrogen atoms (Figure 1-9). Kerosene, the primary component of JP8 contains approximately 45 to 55 % straight chain alkanes. These are thought to be
completely biodegradable by microorganisms. The first step in the degradation of straight
chain alkanes consists of oxidation of the hydrocarbon molecule through terminal
oxidation, diterminal oxidation, or subterminal oxidation. The most common mechanism
appears to be termininal oxidation at the end of the hydrocarbon molecule (Block and
Clark, 1990).
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Figure 1-9. S traig h t Chain Alkane
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Figure 1-10. B ranched Alkane
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Branched Alkane Degradation
Branched alkanes, as the name implies, have a structure that deviates from the
linear, straight chain alkanes. Typically, there are side groups o f hydrocarbons such as
methyl groups attached to the straight chain portion o f the hydrocarbon molecule (Figure
1-10). JP-8 contains approximately 10 % branched alkanes. The types of bonds and
atoms are similar to the straight chain alkanes and the preparatory degradation process is
also terminal oxidation to produce fatty acids. These hydrocarbons can also be
completely degraded, unless the branching is highly complex (Riser-Roberts, 1998c).
These branched components may also be degraded when the main portion of the
hydrocarbon molecule is not. This is typical when the branching is occurring as an
attachment to a complex, branched hydrocarbon, aromatic hydrocarbon, or cycloalkane.
Aromatic Hydrocarbon Degradation

JP-8 also consists of 10 to 15 % mononuclear and up to 5 % binuclear aromatic
hydrocarbons. Aromatic hydrocarbons have a six-carbon benzene ring structure where
alternating carbons share a double covalent bond. A typical aromatic hydrocarbon is
shown on Figure 1-11. Aromatic hydrocarbons are somewhat more difficult to
biodegrade than the straight or branched alkanes, although they are believed to be
generally biodegradable by a variety of microorganisms. The preliminary degradation
process is oxidative cleavage of the benzene ring. However, aromatic hydrocarbons often
have a side chain of hydrocarbons attached. If the attached side chain is a straight chain
hydrocarbon, the bacteria may metabolize the side chains attached to the benzene ring
through the process mentioned for straight chain alkane degradation (Riser-Roberts,
1998e).
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Cvcloalkane Degradation
JP-8 consists of approximately 35 % cycloalkane hydrocarbons. These may be
composed of monocycle, dicycle, and tricycle hydrocarbons. These hydrocarbons are in
the form of a ring structure with the carbons sharing single covalent bonds (Figure 1-12).
Degradation of cycloalkanes is believed to be significantly more difficult than straight or
branched chain alkanes and aromatic hydrocarbons. The difficulty in biodegradability of
cycloalkane hydrocarbons has been attributed to be due to the lack o f an available
terminal methyl group that may be attacked by the microorganisms. Successful
degradation is reported to occur when a side chain is attached to the ring that has an odd
number of carbon atoms (Riser-Roberts, 1998a).
While degradation of the cycloalkane ring structure may be difficult, many of the
cycloalkanes contain side chains of straight chain alkanes that can be degraded by the
same mechanism used for straight and branched alkanes, starting with terminal oxidation.
Complete degradation of cycloalkanes usually incorporates both terminal oxidation and
oxidative cleavage. After beginning the degradation process at the side chain, the
microorganism splits the ring structure through oxidative cleavage.
When biodegradation does occur, it has been reported to that it usually requires a
consortia, or groups, of synergistically functioning microorganisms. For instance,
Psuedomonas and Nocardia have been reported to both be required to degrade some

cycloalkanes. Degradation of cycloalkanes is also reported to require a co-substrate for
additional energy, which might be obtained from biodegraded straight chain alkanes. In
this process, cycloalkanes are oxidized first, to cycloalkanones by peroxidase or
polyphenoloxidase. The cycloalkanones then can be used as a growth substrate.
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Biodegradation Potential
One previous on-site biodegradation study of petroleum hydrocarbon
contaminated soil, conducted on-site at McMurdo Station, did not appear to be successful
(Tumeo and Guinn, 1997). This experiment involved above ground, small plot, land
farming of petroleum hydrocarbon contaminated soil. It does not appear, however, that
this was due to lack of the potential biodegradability of the petroleum hydrocarbon
contaminant. The experiment was conducted at the end of the austral summer without
maintenance of a stable temperature.
However, based upon an assessment of the types of hydrocarbon compounds that
comprise the petroleum contaminant, it is also unlikely that total biodegradation could
occur either. Nonetheless, it does appear that most of the straight and branched alkanes
could be biodegraded. A large fraction of the aromatic compounds might also be
biodegraded. However, given the nature of the cycloalkane structure, it is not likely that
all of the cycloalkane mass could be biodegraded, this primarily through degradation of
side chains.
Given the percentage break down of hydrocarbon constituents, from 65 to 75 %
of the hydrocarbon mass should still be amenable to biological destruction assuming that
indigenous hydrocarbon degrading microorganisms are present in the soils. This
percentage assumes that most of the straight chain, and branched alkanes should be
degradable for a total of approximately 45 to 55% of the available hydrocarbon. Also, a
large fraction of the aromatic compounds should be degradable for another 10 to 15%.
Of the cycloalkanes, probably only a small fraction of the 35% would be assumed to be
readily biodegradable.
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Potential Hydrocarbon Degrading Microorganisms
Although a large fraction of the petroleum hydrocarbon released to the soils at
McMurdo Station should be biodegradable, it was not entirely clear that petroleum
hydrocarbon-degrading microorganisms are present in the Antarctic soils at McMurdo
Station. The potential microorganisms must meet several criteria in order for the
biodegradation to be potentially feasible. The first requirement is that there be sufficient
cold-adapted microorganisms (psychrophiles or psychrotrophs) present. Second, these
microorganisms must be capable o f using petroleum hydrocarbon as a growth substrate.
Also, they must be able to function under the same general conditions to which they are
subjected in Antarctica. Lastly, due to restrictions dictated by Antarctic Treaty
limitations, which prohibits the introduction of non-native species of microorganisms, the
microorganisms must be indigenous to Antarctica (White, 1995).
Cold-Adapted Microorganisms

Much research has been done on various bacterial species for human health,
pollution control, and industrial purposes. Typically, these bacteria are those in the
mesophylic range because these often have the most direct impact on society.
Mesophylic bacteria have maximum growth temperatures between 20 and 45° C. The
rates of growth often double for each 10° C increase in temperature (Todar, 1999). While
many bacteria are considered to function best at relatively warm temperatures, there are
bacteria that are capable of growth at cold temperatures (Gounot, 1991).
Cold adapted bacteria can be described as psychrophiles and psychrotrophs.
Bacteria that are psychrophiles may be adapted to continuously cold environments such
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as the deep oceans or Arctic/Antarctic seas. Psychrophilic bacteria can grow at
temperatures around 0° C. They have optimum growth temperatures around 15° C and
maximum growth temperatures of 20° C. Psychrotrophs are mesophylic bacteria that are
more tolerant of temperature fluctuations than most mesophylic bacteria. Psychrotrophic
or psychrotolerant bacteria can grow at 0° C, but have optimum and maximum growth
temperatures above 20° C (Russell and Hamamoto, 1998).
Intuitively, cold adapted microorganisms should be capable of degrading
petroleum hydrocarbons, although at, perhaps, a slower rate than mesophylic bacteria.
Psychrophilic and psychrotrophic bacteria are wide spread in the environment. Over
eighty percent of the earth’s biosphere has ambient temperatures less than 5° C. Over
seventy five percent of the earth is covered by large expanses of deep oceans, which are
relatively cold, even at the equator. Psychrophylic bacteria have been identified in the
deep oceans and sediments where the temperatures are continuously around 3° C.
Extensive terrestrial areas of the earth’s surface are either permanently cold or
periodically cold. Psychrophilic and psychrotrophic microorganisms have been found in
glacier ice, alpine environments, and polar soils. These bacteria are even found in foods
stored under refrigeration (Margesin and Schinner, 1994).
In addition, bacteria adapted to cold temperature environments are often adapted
to low nutrient conditions. It has been stated that, "psychrophiles may play any of the
roles in the environment that have been attributed to other microorganisms. There are no
roles specifically reserved for the metabolic activities of psychrophiles and they are major
contributors to the primary cycles o f nature" (Russell and Hamamoto, 1998). Although it
is assumed that mesophylic bacteria grow faster than psychrophylic or psychrotolerant
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bacteria, the specific growth rates may not be much different when the bacteria are
evaluated at their optimum growth rates (Gounot, 1986; Vincent, 1998c).
However, while psychrophylic bacteria have been studied for many years, they
have received less attention than mesophylic bacteria. Their study has often been limited
to the impact on food storage and similar applications. Thus, there is relatively little
available information concerning petroleum hydrocarbon degradation rates,
microorganism growth rates, nutrient requirements, etc. of cold adapted microorganisms.
There has been even less research done on the usefulness of cold adapted microorganisms
in environmental remediation applications (Gounot, 1986).
The focus o f most study conducted, to date, of mesophylic and thermophylic
bacteria for remediation purposes may be due, in part, to the desire to accelerate
remediation, since bacterial metabolic rates increase significantly with increasing
temperature. The limited studies of cold temperature biodegradation that have been
conducted appear to have employed bacteria from temperate regions that may have
preferential populations of mesophylic bacteria. Since these bacteria are not as well
adapted to cold temperatures, the generally lower rates of biodegradation observed may
underestimate the potential for cold temperature biodegradation.
The ability to grow at low temperatures is believed to be an adaptation to the
environment. That is, bacteria have evolved from times when the earth was much
warmer. For bacteria to grow and survive at colder temperatures they had to alter their
genetic make-up to adapt to the changing environmental temperatures. Bacteria from
temperate regions may be genetically disposed to wait for warmer temperatures before
becoming active and entering a growth phase. For instance, the bacterial membrane
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(lipid bilayer) and available enzymes may not respond well to cold temperatures. Cold
adapted bacteria appear to have several characteristics that give them advantages over
mesophylic bacteria at lower environmental temperatures. These include the ability to
modify the cell membrane lipid composition, create stable proteins, and generate
specialized, cold temperature enzymes (Russell and Hamamoto, 1998).
All bacteria can adjust their plasma cell membrane lipid bilayer according to the
environmental temperature. One advantage cold adapted bacteria have appears to be the
capability to adjust their membrane lipid composition by altering fatty acyl composition
and the distribution of acyl chains in order to function at lower temperatures. The change
in the membrane lipid composition is an adjustment intended to maintain cell membrane
fluidity and thereby maintain necessary cell functions. These changes are made through
increases in degree of unsaturation of the lipid membrane, a decrease in fatty acid chain
lengths, and an increase in methyl branching. For instance, unsaturated lipids have fewer
hydrogen atoms attached and therefore result in lipid tails that are not as tightly packed.
The lipid bilayer, of cold adapted bacteria, also appears to have shorter hydrocarbon tails.
With shorter tails the lipids interact less with each other and, as a result, become more
fluid (Russell and Hamamoto, 1998; Margesin and Schinner, 1994).
Bacteria genes encode production requirements for enzymes necessary for life
processes. Enzyme production and activity is regulated by a number of variables. The
most common is a feed back inhibition mechanism that regulates enzyme activity based
upon concentration of a substrate or the presence of products. Another control is
temperature. While many enzymes have higher activity levels at higher temperatures,
certain enzymes have their highest activities at lower temperatures. Cold adapted
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bacteria seem to have enzymes adapted to low temperatures. Most bacterial enzymes are
destroyed at high temperatures, and enzymes become inactivated at low temperatures.
Cold adapted bacterial enzymes appear to be inactivated at much lower temperatures than
mesophylic bacterial enzymes. The activities of cold adapted bacterial enzymes have
been shown to remain at least somewhat active even at 0°C, whereas mesophylic
bacterial enzymes can become denatured at cold temperatures. A further factor favoring
psychrophylic bacteria is that their RNA appear to have lower genetic miscoding rates at
lower temperatures than do mesophylic bacteria and this may also be an important
advantage at being able to function at a lower temperature (Gumley and Inniss, 1996).
In addition to producing enzymes with activity levels better adapted to cold
temperatures, cold adapted microorganisms may also produce additional quantities of
enzymes to compensate for slower growth rates. Thus the slower rate of growth may be
compensated for quantitatively such that the overall rate of substrate consumption by
psychrophilic bacteria at lower temperatures may be higher than mesophylic bacteria at
similar temperatures. Also, because all enzymes need to conform to various substrates in
order to catalyze a reaction, the ability to be flexible is critical. Cold adapted enzymes are
believed to have protein structures that allow them to be more flexible and stable at low
temperatures than enzymes produced by mesophylic bacteria. This flexibility results in
higher catalytic efficiency and less energy consumption to break down substrates at lower
temperatures (Vincent, 1988d).
Cold adapted bacteria are also reported to be adept at responding to relatively rapid
changes in temperature. This is accomplished by generating cold-shock and coldacclimation proteins. These proteins are generated in response to a sudden change in
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temperature to a colder regime and continued microbial functioning at a lower
temperature. This ability may allow cold adapted bacteria to more readily respond to
sudden swings in temperature than mesophylic bacteria that do not appear to have this
capability. For instance, psychrophylic Pseudomonas Jluorescens, and Arthrobacter
globiformis were much better able to break down and synthesize proteins after a

downshift in temperature than mesophylic Escherichia, coli. This ability to respond to
changes in temperature to a colder environment is critical to cell functioning at lower
temperatures (Vincent, 1988b; Whyte et al., 1996).
Cold-Adapted Petroleum Hydrocarbon-Degrading Microorganisms

The first obstacle to biodegradation of petroleum hydrocarbons is the requirement
for specific microorganisms capable of using the petroleum hydrocarbons as an energy
source. In temperate environments hydrocarbon degrading bacterial response to
petroleum hydrocarbon releases have been extensively documented. However, there has
not been as much research or documentation of petroleum hydrocarbon degradation at
cold temperatures. Some recent research however, does suggest the capability of
hydrocarbon-degrading bacteria to mineralize hydrocarbons at lower temperatures.
Regardless of temperature, moisture, or nutrient availability, if the bacteria cannot
use petroleum hydrocarbons as a growth substrate, degradation of hydrocarbons will not
occur. The most commonly identified petroleum hydrocarbon degrading bacteria use
aerobic respiration. Aerobic bacteria are more efficient and degrade hydrocarbons more
rapidly than anaerobic bacteria. Several o f the aerobic bacteria that have been identified
as hydrocarbon degraders include the genera Pseudomonas, Arthrobacter, Alcaligenes,
Corynebacterium, Flavobacterium, Achromobacter, Microcococcus, Nocardia,
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Rhodococcus, and Mycobacterium (Kostecki and Calabrese, 1993). Virtually all of these

bacteria have been identified as existing in various Antarctic soils including those of the
Ross Desert (Abyzov, 1993; Cameron, 1972; Vincent, 1988a; Vishniac, 1993).
The genus Pseudomonas, in particular, is known to degrade petroleum
hydrocarbons at mesophylic temperature ranges. This genus of bacteria has also
demonstrated the ability to grow at 0° C for a number of strains that are classified as
psychrophylic or psychrotrophic. This may be due to the flexibility of this genus since it
is known to be adaptable to using a range of substrates and available nutrients. Two
other bacteria that are often cited as being able to use petroleum hydrocarbons as growth
substrates are also known to have psychrophylic and psychrotrophic strains.
Arthrobacter globiformis is a bacterium that is present in mountainous soils, tundra, and

sparsely vegetated areas. This organism is known to be highly resistant to starvation,
desiccation, and salts. It also can degrade a range of aliphatic compounds. The
coryneform bacteria, Rhodococcus erythropolis is often found in similar environmental
conditions and is documented as being able to degrade a wide variety of substrates
including alkanes (Panikov, 1995c).
Several experiments have been conducted with specific aerobic bacteria collected
and isolated from petroleum contaminated sites in the Northwest Territories of Canada.
Bacteria were identified as psychrotrophic microorganisms capable of functioning below
the mesophyllic lower temperature range of 15° C. The bacteria were screened for their
ability to mineralize various compounds including toluene, naphthalene, dodecane, and
hexadecane, which are components of hydrocarbon fuels. Research from monitoring
evolution of labeled carbon dioxide from incubation of 100 milliliter (ml) serum bottles
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results showed that the microorganisms readily degraded naphthalene, dodecane, and
hexadecane, compounds found in diesel fuel, at an incubation temperature of 5° C. The
strains of bacteria identified included Pseudomonas, Rhodococcus, and Arthrobacter. It
was also noted that these strains were successful, however, only when they were isolated
from previously contaminated soils, indicating that they had already acclimated to their
substrate (Whyte et al., 1996).
Additional research also indicates the potential for successful biodegradation of
petroleum hydrocarbons at relatively low temperatures. An experiment was conducted
on two soils from the alpine regions o f Austria. A batch reactor setup was used with soil
from high alpine terrain containing indigenous bacteria. Ten kilograms of soil was
placed into each of six open pans. Diesel fuel at a concentration of 4,000
milligrams/kilogram (mg/Kg) was added to the native soil along with nutrients and water.
The pans were covered with perforated plastic foil and the soils were incubated at 10° C
for 150 days. The soil in the pans was periodically mixed to provide aeration and water
was added to maintain moisture content. Measured loss of hydrocarbons due to
biological activity at the end of the experiment was approximately 55 to 60 %, while an
additional approximately 30 % was lost due to volatilization or other abiotic processes.
Evidence of microbial activity was supported by measurement of respiration as carbon
dioxide and dehydrogenase enzymatic activity (Margesin and Schinner, 1997).
Another research experiment employed enrichment of several types of coldadapted microorganisms and subsequent evaluation of hydrocarbon degrading capability
in flasks containing nutrient solutions and added diesel fuel. Contaminated soil samples
were collected from 29 locations in the Alps. Bacteria from these cold adapted soils were
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used to prepare enrichment cultures. These cultures were used to inoculate 10 milliliters
(ml) of an enrichment medium in flasks containing up to 5,000 milligrams per liter
(mg/L) of diesel fuel. These flasks were incubated at 4 and 10° C for eight days. At 10°
C, all of the flasks demonstrated some degree of hydrocarbon degradation ranging from
approximately 28 to 68 % of the initial diesel fuel concentration. At 4° C, hydrocarbon
loss through biodegradation ranged from 5 to 40 % of the diesel fuel. Of special interest
in this experiment, bacteria isolated from soils collected from uncontaminated sites
appeared to degrade diesel fuel almost as well as bacteria collected from oil-contaminated
soils. These included moss from a glacial lake, cryokonite (a black organic accumulation
on glacial ice), and rotting Spruce wood (Margesin and Schinner, 1998).
Indigenous Hydrocarbon-Degrading Microorganisms

A factor complicating bioremediation in the Antarctic is that Antarctic Treaty
limitations prohibit the introduction o f non-indigenous microbial species. Therefore, for
on-site bioremediation to be successful, the presence of indigenous hydrocarbon
degrading bacteria must be established. Past microbial research has not indicated that
Pseudomonas, a major petroleum hydrocarbon-degrading microorganism, is a dominant

species in Antarctica. It does not appear to exist in significant numbers in Antarctic soils.
Two other aerobic bacteria, however, have been found to be more dominant in that
environment. These include two of the next three most common hydrocarbon degraders
Arthrobacter and Corynebacterium, in addition to Nocardia, which were identified as

being widespread in Antarctic soil (Vishniac, 1993).
However, research in the Arctic, including the tundra, fresh water, and marine
ecosystems suggests that hydrocarbon-degrading microorganisms exist in all of these
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environments. These bacteria are initially present in relatively small numbers, but grow
and/or multiply with increasing hydrocarbon substrate (Atlas, 1986). Additionally, more
recent research also suggests that Pseudomonas may be more ubiquitous than previously
thought in the Antarctic environment. Ice cores taken at Vostock Station through the
Antarctic continental ice sheet have shown that Pseudomonas bacteria comprise 7 % of
the total microbial biomass in the upper 100 meters of the ice. Species that were
identified include Psuedomonas (P.) putida, P. fluorescens, and P. aeruginosa. The
bacteria were identified as both, cold-adapted strains, and strains that were probably
carried via airborne routes to Antarctica. While the isolated bacteria were dormant in the
ice, they were viable when incubated at elevated temperatures. Strains responded as
mesophiles and two grew as psychrophiles with an upper temperature limit of 16° C
(Abyzov, 1993).
Evaluation of hydrocarbon-degrading microbial populations after experimental
release of diesel fuel and Arabian light crude oil to the marine environment near Terre
Adelie (Antarctica) showed an increase of hydrocarbon degrading microorganisms.
Samples of sea ice were periodically collected over several months after release of
petroleum, and incubated for 30 weeks at 12° C. Hydrocarbon degrading
microorganisms increased from 0.001 % of the microbial community in uncontaminated
samples of sea water/ice to 10.0 % of the total population in samples after release of
petroleum. Although the specific hydrocarbon-degrading genera were not identified, the
increase in microbial population density upon introduction of petroleum hydrocarbons
confirms their presence in the Antarctic marine environment (Delille et al., 1993).
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An experiment on diesel fuel-contaminated soil from McMurdo Station in
Antarctica also indicated the presence of petroleum-degrading microorganisms in
Antarctic soils. A most probable number screen test was performed using
microorganisms extracted from petroleum contaminated soil. The extracts were serially
diluted and plated onto a series of micro plates using JP-8 as the sole carbon substrate and
nutrients suitable for the growth of hydrocarbon degrading bacteria. The plates were kept
at room temperature (20° C) for three weeks. During and at the end of that time,
numerous positive plates were recorded. The test appeared to confirm that hydrocarbondegrading bacteria are present in Antarctic soils (Tumeo and Wolk, 1994).
A study was conducted using soils collected from Antarctica in the vicinity of the
New Zealand Scott Base, Marble Point, Vanda Station, and near a leaky pipeline carrying
fuel from McMurdo Station to Williams Field. Microbial analyses of the soils collected
and incubated at 16° C indicated the presence of hydrocarbon-degrading bacteria.
Further, 10-gram (g) samples o f the soils were spiked with radioactive hexadecane and
naphthalene, two components of hydrocarbons. The soil and nutrients were placed in
glass jars and incubated for 90 days at a temperature of 8° C. Significant evolution of
carbon dioxide with the radioactively labeled tracer was evolved indicating
biodegradation of the hydrocarbons. The presence of cultured hydrocarbon-degrading
bacteria and the degradation of hydrocarbon constituents strongly suggest that
hydrocarbon-degrading bacteria are present in the soils at Antarctica. This study
identified Nocardia as a major microorganism species in the soil (Aislavie et al., 1998).
A pilot scale bioremediation experiment was conducted on-site at McMurdo
Station, Antarctica. This experiment consisted of trying to stimulate and monitor
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biodegradation of the petroleum contaminated soils in situ. This experiment included
adding wastewater to a series of plots of petroleum hydrocarbon-contaminated soils. The
soils were monitored over a period o f five weeks by collection and analysis of soil
samples. The conclusion of this experiment was that bioremediation was not successful.
This might suggest that indigenous hydrocarbon degrading microorganisms are not
present (Tumeo, 1997; Tumeo and Guinn, 1997).
However, several other variables may have impacted the final results and
conclusions of this experiment. The measured daily in situ soil temperatures were
reported to have declined over the five-week period at the end of January to February
from 10° C to below 0° C. The study did not mention diurnal temperature fluctuations.
It is possible that diumal temperature fluctuations played an inhibitory role, especially
considering the lower track o f the sun on the horizon at that time of the year, the end of
the austral summer. The moisture content of the soils also appeared to be low with
reported gravimetric moisture contents of 3 %. Additionally, it was not clear whether
these plots were enclosed, or whether moisture was maintained. It is possible that the
actual moisture content was lower over time due to desiccation.
Nonetheless, the identification of several types of microorganisms in Antarctic
soils that are known to be capable of degrading petroleum hydrocarbon, described
previously, suggests that under the proper conditions, petroleum hydrocarbon degradation
could occur. The limited experiments that have been conducted with microorganisms
from Antarctic soils indicate that, at least on a laboratory scale, hydrocarbon-degrading
microorganisms appear to be present. Even in the cold Antarctic seas, there appears to be
a microbial degradation of released petroleum hydrocarbons. Therefore, any lack of
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hydrocarbon degradation observed is probably not likely to be attributable to a lack of
suitable microorganisms.

Soil Environmental Variables

Based upon a review of the literature, the contaminant type and availability of
suitable microorganisms do not appear to be limiting factors affecting biodegradation of
Antarctic Diesel Fuel in the soils at McMurdo Station in Antarctica. There are several
key environmental variables, however, that might potentially impact the biodegradability
of petroleum hydrocarbons in Antarctica. These include maintenance of a minimum
viable temperature, minimization o f temperature fluctuations, maintenance of available
moisture, supply of adequate nutrients, and a sufficient supply of oxygen.
Soil Temperatures

The most obvious variable controlling microbial degradation of petroleum
hydrocarbons in the Antarctic environment is temperature. Antarctica is the coldest
location on earth and for most of the year the maximum daily air temperatures are far
below zero. Meteorological records show that the mean daily maximum air temperature
for the McMurdo Station and adjacent Scott Base areas is below freezing even during the
austral summer period of late November, December, and January. When daily
temperature excursions above freezing do occur, it is usually only a couple of degrees for
a short period of time (Harris and Tibbies, 1997; Nienow and Friedman, 1993).
While some bacteria such as psychrophiles can grow at 0° C, there is a lower limit
at which all bacteria become dormant. This is generally believed to be around -5° C. At
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this temperature water becomes unavailable in liquid form. While some bacteria can
function at this lower end of the temperature regime, once the water becomes frozen,
even those microorganisms become dormant. For the vast majority of the Antarctic year,
including the austral summer, the air temperatures are below this value (Vincent, 1988a).
However, low air temperatures, per se, may not be the controlling factor
inhibiting microbial activity. Temperatures have been recorded in near surface soils for a
number of locations in Antarctica, including Ross Island and the Dry Valleys that exceed
20° C for several days and have even reached 40° C during the austral summer. Similar
temperatures have also been recorded in rock and soils on inland nunatacks (mountain
peaks that rise above the ice sheet) that are free of ice and snow (Campbell et al., 1998).
The elevated shallow soil temperatures above the ambient air temperatures are
due to a number of circumstances. Portions of Ross Island and the Dry Valleys are ice
and snow free during the austral summer. These barren soils are generally coarse grained
and dark colored with a resulting low albedo that allows most of the solar insolation to be
adsorbed. For instance, these soils have been described as desert soils (Bockheim, 1997).
Desert soils have been assigned albedo values around 0.30 as compared to snow and ice
that may have an albedo of 0.90 or higher. Additionally, the length of daylight during the
austral summer of up to 24 hours also allows increased receipt of solar radiation for any
given day, provided there is no persistent, extensive cloud cover. Although there may be
continuous daily solar radiation during portions of the austral summer, there are periods
when the solar radiation is interrupted by thick cloud cover or screening from
topographic features as the sun moves around the sky (Vincent, 1988b).
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The low moisture contents and lack of significant levels of organic material in
Antarctic soils also contribute to the relatively rapid heating of the soil. Typically, dry
soil requires approximately 0.2 calories of heat to raise the temperature of 1 gram of soil
1° C. To increase the temperature of 1 gram of water requires 1.0 calorie of heat energy.
Since the Antarctic desert soils are relatively dry, and do not contain significant levels of
organic matter that can hold moisture, less solar radiation energy is necessary to increase
Antarctic soil temperature than soils with higher moisture contents (Buckman and Brady,
1969b).
Equations for predicting surface soil temperatures for dry, desert environments
were developed from experiments in the American southwest (Kemp et al., 1992). These
equations use daily air temperature and total daily solar radiation to predict the soil
temperature at a depth o f one centimeter below the ground surface. The first equation
predicts the maximum daily near surface temperature based upon air temperature and
total daily radiation reaching the earth surface. The second equation predicts the
minimum daily temperature and is based upon ambient air temperature.
Tmax = 1.09 (Ta) + 0.878R - 7.10.
Train = 0.97 (Ta) + 0.54

Tmax = Soil temperature daily maximum at 1 centimeter depth.
Tmin = Soil temperature daily minimum at 1 centimeter depth.
Ta = Ambient air temperature near the surface.
R = Radiation reaching the surface (Mega joules per square meter per day).
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While Antarctica is obviously vastly different than the southwestern United
States, there are similarities. Antarctica is considered a dry, desert environment, even
through it holds most of the earth’s fresh water in the form of ice. The soils of McMurdo
Station have been described similarly to those in the predictive model, typically coarse
sands with large rock fragments. Vegetative cover and organic matter are virtually absent
in the Dry Valleys and Ross Island as is the case of the southwestern Chihuauan Desert
used to develop the model (Wharton, 1993). Therefore, the soil temperature equation
should be applicable for predicting the temperature of the soils at McMurdo Station.
A comparative estimate o f possible Antarctic soil temperatures at McMurdo
Station was made using this equation. Data for incoming solar radiation over Antarctica
for the months of late November to the end of January indicate that approximately 45
Mega Joules per square meter per day o f energy enter the top of the atmosphere (Wallace
and Hobbs, 1977). The amount o f radiation that reaches the earth's surface depends upon
moisture in the atmosphere and the percentage of cloud cover. For a clear sky,
approximately 36 mega joules of solar radiation reach each square meter o f Antarctic
land surface each day (Vincent, 1988d).
Preliminary calculations using this value and an air temperature of -5° C in the
above equation result in a daily maximum soil temperature, for the upper 1 centimeter of
the soil surface, of 19.2 °C .

A lesser average total daily input of solar radiation over

Antarctica, which is given for November and January of approximately 40 Mega
joules/square meter/day, and approximately a 50 % cloud cover results in approximately
20.74 Mega-joules/square meter/day. Calculating for an average air temperature of-5°C,
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the calculated maximum soil temperature at a depth of 1 centimeter was 5.6° C
(Appendix A).
The first calculation assumed continuous solar radiation throughout the day
during the peak of the austral summer. The second calculation, which is a recorded
average, is a representative value for a daily cloud cover of approximately 50 %. At
other times during the austral summer, when cloud cover is extensive, or when solar
radiation is inhibited by topography, the daily solar radiation received could be
considerably less and the resulting maximum soil temperature would be less.
When solar radiation is not reaching the surface, the minimum temperature of the
upper surface typically will reflect the ambient air temperature. For an air temperature of
-5.0° C, the soil temperature for the upper 1 centimeter of the soil profile was calculated
to be -4.3° C. Therefore, while elevated, above freezing temperatures are possible at
exposed soil surfaces in Antarctica during the austral summer, there is a potential for
drastic swings in temperature back to below freezing values.
Soil Temperature Fluctuations

More important than the absolute temperature value alone, however, is the degree
o f temperature fluctuations. The upper several centimeters of the soil surface (the active
layer) may undergo repeatedly daily intervals of ffeeze-thaw. Due to passing clouds,
high winds, and topographic blockage of solar radiation (Figure 1-1), the surface
temperature can fall and rise dramatically. While bacteria can adapt to cold and even
freezing temperatures, most cannot withstand the stress of rapid swings in temperature,
especially across the freezing point. The rapid cycling of temperature results in rupture
o f the cell membrane and is lethal to microorganisms (Nienow and Friedman, 1993).
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Heat received at the surface of the earth is transferred in three principle ways. It
can be conducted from the surface deeper into the soil profile; it can be radiated back into
the atmosphere; and it can be removed from the surface by convection. Because of the
cold air temperatures in Antarctica, when there is no continuous or near continuous input
of incoming solar radiation, there is a net loss of heat from the soil. This heat loss is most
pronounced near the ground surface (Hart and Couvillion, 1986).
Even though rapid swings in temperature at the soil surface likely occur, there
may be a viable environment for indigenous hydrocarbon degrading microorganisms to
survive. It has been noted that diumal swings in temperature decrease at depths of
several centimeters below the ground surface. While the calculated soil heat will be at a
maximum at the surface, some heat will be transmitted to depth in the soil profile due to
thermal heat transfer with accompanying decreasing temperatures to the top of the
permafrost where the temperature will be close to zero. As evidence, the permafrost at
McMurdo Station has been reported to be at around 50 to 60 centimeters below the
ground surface (Unkown, 1994). This suggests that there is sufficient excess heat energy
that is transmitted to that depth to maintain conditions above the freezing point.
Two equations were used to assess the available heat energy including the effects
of conductance, convection, and radiation. The heat lost through conductance to the
permafrost was calculated using the first heat transfer equation shown below (Murray and
Cobb, 1970). The amount of heat energy lost through combined effects of convection and
radiation were combined in the second, following equation shown below (Ganapathy,
1990).
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Q = [KA(AT)t] / L

Q = Energy transferred (joules Per second)
K = Coefficient of heat transfer for soil (0.34 joules/M2/sec-°C)
A = Surface area (M2)
AT = Temperature difference (°C)
t = time (second)
L = Distance from surface to permafrost (M)

Q = 0.296(Ts - Ta)1,25 + 0.174e[(Ts/100)4 - (Ta/aOO)4)

Q = Heat energy lost (BTUs/hour/Ft2)
Ts = Surface temperature (Rankine)
Ta = Air temperature (Rankine)
e = Black body emitter factor (taken as 1.0)

Conductive heat loss is through the soil to the underlying permafrost. It is a
function of the temperature differential between the soil surface and the permafrost, the
distance between the two layers, and the thermal conductivity of the soil. Therefore, the
second equation allows for calculation of the heat lost due to radiation from the surface,
assuming that the soil acts as a black body radiator, along with convection as warm
surface air rises into the overlying cold air mass. The critical factors are the temperature
differential between the soil surface and the overlying air. Also, the soil may act as a less
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than efficient black body radiator. If the emitter factor is less than 1.0, the amount of
energy lost will be less than maximum.
The actual soil temperature will also depend upon several other factors.
Typically, 0.2 calories of energy are necessary to raise the temperature o f 1 gram of dry
soil 1° C. Approximately 1.0 calorie of energy is needed to raise the temperature of 1
gram of water by 1° C. Therefore, for saturated soil, more energy is required to raise the
soil temperature. Likewise, saturated soils retain their heat (temperature) for a longer
period of time than do dry soil. Additionally, if strong, cold winds are blowing across the
ground surface, as is often the case in Antarctica, heat losses due to convection,
especially in shallow soil, can be greater than calculated with the formula given above.
However, in order to evaluate the potential soil temperature fluctuations,
calculations were performed for the upper centimeter of the soil surface using the
equations given above. The shallow soil was assumed to have a temperature of
approximately 14.7° C with an air temperature of -5° C. The depth to the permafrost was
assumed to be approximately 50 centimeters.
The results of the preliminary calculations show that after the initial thawing of
the soil zone above the permafrost, approximately 11 joules per second will be lost to the
permafrost while approximately 229 joules per second will be lost through the surface to
the atmosphere. During a clear sky, and maximum solar radiation input, approximately
418 joules per second will be received for a net gain of approximately 177 joules per
second (Appendix A). This excess can be used to continue the thawing process although
at times, less than full possible solar radiation will be received in a given day.
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Upon loss o f solar radiation, such as will occur with a complete cloud cover, there
will be a shift to a net loss, resulting in rapid cooling of the surface. This cooling will
continue to depth, limited by the heat transfer from the warmed soil. Calculations were
performed that indicate that the upper centimeter of the soil surface can drop from 10° C
to -5° C within 2 hours (Appendix A). The rate of depth of freezing will slow as the
distance from the surface increases and the heat transfer rate decreases.
At some point, there will likely be additional solar radiation as clouds dissipate or
the sun moves from behind a topographic feature. This will result in thawing of the
upper, frozen surface. Calculations were performed to estimate the rate of warming of
the upper centimeter of the soil surface (Dunne and Leopold, 1978). The calculations
showed that the soil temperature for the upper centimeter increased from -5° C to 10° C
in less than 10 minutes (Appendix A).
A plot of the calculated temperature swing from 10° C to -5° C and back to 10° C
is shown on Figure 13. Although this increase was calculated only for the upper
centimeter, and under maximum incoming radiation, it nonetheless indicates that there
can be significant relatively rapid increases, as well as decreases in soil temperature in
Antarctica. Therefore, during the austral summer, the upper several centimeters of the
surface soil profile may undergo frequent freeze thaw cycles. An example of this
calculated soil temperature fluctuation is an experiment conducted at an exposed
nunatack in Antarctica. The researchers recorded a daily average soil temperature of
4.43° C, a minimum daily temperature of -3.74° C, and a maximum daily temperature of
15.61° C (Harris and Tibbies, 1997). These are consistent with the calculated minimum

and maximum temperatures using the previous equations.
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Figure 1-13.
Simulated Temperature Change in the Top Centimeter of Antarctic Soil
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Also, during this experiment it was reported that there were repeated temperature swings
at the ground surface of up to 8° C across the freezing mark within one hour. This is also
consistent with the calculations presented here and shown in Appendix A.
This temporal environment may have a pronounced impact on microbial life in
Antarctica. For example, a group of bacteria that appear to have adapted to this
environment are the lithophytic communities of microorganisms. These microorganisms
live just below the weathered surfaces of rock in the Dry Valleys in order to avoid
desiccation, extremes of temperature, and wind. They are largely responsible for
significant weathering and erosion of the rock surfaces through exfoliation (Nienow and
Friedman, 1993).
The minimal degradation of petroleum hydrocarbons observed in soil at
McMurdo Station may in part be due to these temperature fluctuations. In addition to
periodic cloud cover, Tank Farm #2 and to a lesser extent Tank Farm #1 at McMurdo
Station are surrounded by topography that could limit the amount of solar radiation
received (Figure 1-1). During these times, microbial activity at the ground surface is
likely to be inhospitable. Petroleum hydrocarbon-degrading microorganisms likely exist
below the surface in a limited zone of stable temperature, but with limited moisture
and/or oxygen. Thus, while temperature at McMurdo Station may not be a major limiting
variable, frequent fluctuations in temperature are likely to have an impact.
Soil Moisture

In addition to temperature and/or temperature fluctuations, a range o f variables
may affect biodegradation of petroleum hydrocarbon contaminated soil. These include
water, oxygen, nutrients, and pH. Water is the major component of most living things
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including bacterial cells, where it comprises approximately 70 % o f the cell’s total mass.
Water is used to help maintain and protect the cell, convey substrate into the cell and
waste out of the cell. It is also used as a medium for transfer of energy within the cell,
and as a vehicle for transport of the cell itself. Availability of water is also crucial for
certain biochemical reactions such as hydrolysis. In the Antarctic environment, water
availability may be limited both in terms of space and time. The reasons for low
moisture availability are in part due to the high rates of evaporation or sublimation
compared to precipitation, rapid drainage through typical soils found on the continent,
and the frozen state of water as ice (Kennedy, 1993).
Water in the form o f liquid does exist in the Dry Valleys and Ross Island area of
Antarctica. During the austral summer, melt water streams flow from glaciers.
Additionally, pools of water form on glacier surfaces. These features called crykonite
pools form as a result of dark material such as dust blown onto the glacier adsorbing solar
radiation and causing local melting of the ice. Snow and ice on the ground surface and in
the soil layer above the permafrost melts. However, this water may be limited and exist
for relatively short periods of time (Kennedy, 1993).
The available water problem is compounded by the low amounts of precipitation.
Precipitation in Antarctica is sporadic and can be less than 15 centimeters (cm) per year
as water equivalent. Water that does become available is often lost quickly. The
Katabatic winds that blow from the polar high plateau are extremely dry and exert a
strong evaporative effect on ice and water. The potential rate of sublimation in
Antarctica has been estimated as being from five to ten times the rate of snowfall
(Kennedy, 1993).
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The soils on-site also contribute to poor moisture availability. They are generally
coarse grained in nature and contain little, if any, organic material. Therefore, the soils
have poor capacity to retain water in the soil matrix. Moisture that does become
available at the surface during snowmelt drains readily through the soil profile to the top
of the permafrost. At McMurdo Station soil moisture has been reported to be less than
0.5 % near the surface layer and up to 10 % at the bottom of the active layer (Unknown,
1994).
When moisture is available through melting snow or ice, it is not always readily
available. Even though liquid water is available, at times, during the austral summer,
temperatures fluctuate to below the freezing point. When the soil temperatures fall below
freezing, nearby sources of moisture may temporarily turn to ice rendering the moisture
inaccessible (Kennedy, 1993; Nienow and Friedman, 1993).
As a result, while snow-free soils in Antarctica likely have some level of moisture
at different times throughout the austral spring and summer, it is usually relatively low,
comparable to that of temperate deserts. Moisture content in the near surface soils has
been measured by a number of researchers. However, it is not often noted at what time
of year the samples were collected or from what depths. Typical values for soil moisture
content have been given as low as 0.2 % and as high as 13.5 %. The higher moisture
contents usually being at depressions or cracks in rocks where snowmelt collects and
during the beginning of the austral spring/summer (Kennedy, 1993).
Indications of the importance of moisture to potential microbial degradation of
petroleum hydrocarbons have also been shown in several studies. Various life forms exist
in the vicinity of the Canada Glacier in the lower section of Taylor Valley, in the Dry
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Valley area of Antarctica. Moss, algae, and a cyanobacteria, Nostoc, grow where melt
water flows from the glacier. Away from the area of discharging melt water, these life
forms do not grow. This indicates that temperature is an important variable affecting life
in Antarctica, but that the impact may be related more to making water available from
snow and ice than providing warmth, per se. Although freezing temperatures can limit
moisture availability, temperatures that are as low as freezing may not be limiting to
microbial activity, so long as moisture is available. What is interpreted as inhibition of
microbial activity due to cold temperatures may actually be due to a lack of moisture.
Another indication of the importance o f water over temperature in the regulation
o f biological activity is the observed temporal distribution of biological abundance.
Several studies have shown that peak microbial activity in the Antarctic does not
correlate with the warmest temperatures of the austral summer, but rather, during the
austral spring when moisture levels are at their highest. Studies of protozoa, bacteria,
algae, and cyanobacteria have shown peaks in populations during the time immediately
after thaws in November followed by declining numbers throughout the remainder of the
austral summer when temperatures rose, but moisture levels declined. Addition of water
to experimental controls stimulated biological activity (Cameron and Conrow, 1969).
Microbial life in the Dry Valleys of Antarctica provides another example of the
importance of moisture as well as the need to have temperature stability. A variety of
algae, bacteria, fungi, yeast, and lichens have been identified as living within the
sandstone rocks. These endolithic communities live just below the surface o f the rocks
and within small cracks and fissures. Some of the cracks are filled with fine grain
material blown by the wind. Moisture percolates into the rock through periodic melting
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of snow. These areas are protected from the effects of wind, rapid temperature shifts, and
evaporation and develop a microclimate with higher relative humidity than the rock
surface. Melt water that enters the fissures can be retained by absorption into the rock
and through inhibition of gas exchange through the surface. Another advantage is that
the water freezing point in the rock is depressed to -5° C. Thus, water is available for
longer periods of time (Harris and Tibbies, 1997).
Bioremediation of petroleum hydrocarbons, however, presents a further problem.
Since petroleum is hydrophobic it does not mix well with water. Also, microorganisms
do not enter the hydrocarbon, but access it at the water-hydrocarbon interface. Therefore,
in order to be able to access the hydrocarbon there must be sufficient surface area of
water to hydrocarbon contact for the bacteria to travel and access the hydrocarbon. As a
result, optimum biodegradation of petroleum hydrocarbons has been reported to occur at
moisture contents of approximately 70 % of field capacity (Dineen et al., 1989). For soils
of the McMurdo Station area, this would equate to 10 to 15 % gravimetric moisture
content compared to the low levels that often currently exist (less than 1 %).
Thus, while microbial life can exist in niches, and flourish at selected times
during the year on snow free areas of Antarctica, it is unlikely that sustained
biodegradation of significant amounts of petroleum hydrocarbons will occur due, at least
in part, to the scarcity of available moisture. However, it is possible that small amounts
of the hydrocarbons in soils could be degraded at intervals such as early in the austral
summer each year. Therefore, while although scarcity of moisture is likely a certain
limiting factor on petroleum hydrocarbon degradation in the Antarctic, it probably does
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not preclude the decomposition of petroleum hydrocarbons by microorganisms over the
long term of several years.
Soil Nutrients

Nutrients are an essential component of the ability of microorganisms to process
hydrocarbons. Key nutrients include nitrogen, phosphorous, and several micronutrients.
They are essential for the formation of proteins and enzymes necessary for decomposition
of hydrocarbons, and the construction of new cells including operational components.
For instance, the amino acids that make up proteins all contain some form of nitrogen.
Phosphorous is essential for some cell structures and the formation of ATP that provides
the energy transfer for cell building. Typically, for maximum cell growth, the amount of
nitrogen and phosphorous required has been assumed to be one part nitrogen for each 10
to 12 parts carbon, and one part phosphorous for 60 parts carbon for a carbon to nitrogen
to phosphorous (C: N: P) ratio of 120:10:2. The actual ratio will vary depending upon
the microorganism, age, and substrate (ASCE, 1982).
Analysis of coastal Antarctic soils near McMurdo Station (exclusive of
orinthogenic soils) has indicated ranges of from 1 to 20 milligrams per kilogram (mg/kg)
nitrate-nitrogen, 15 to 20 mg/kg ammonia-nitrogen, and 9 to 45 mg/kg phosphorous.
Data from Scott Base on Ross Island show total nitrogen in soils to range from 100 to
200 mg/Kg, mineral nitrogen ranging from 6 to 23 mg/Kg, and available phosphorous
from 6 to 14 mg/Kg. Dry Valley soils have nitrate-nitrogen levels ranging from non
detect to 120 mg/Kg, ammonia-nitrogen from 6 to 40 mg/Kg and phosphorous from 80120 mg/Kg. Experimental analysis of atmospheric deposition o f nitrates in the Dry
Valleys suggests a deposition average (over three years) o f 21 milligrams per square
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meter per year as nitrogen (mg/M2/yr) (Tedrow et al., 1966; Vishniac, 1993; Wall and
Parsons, 1998).
Given the concentrations reported in the literature and the relatively low
concentrations required, phosphorous does not appear to be a limiting nutrient for
hydrocarbon biodegradation at many locations in the ice-free areas of Antarctica.
Nitrogen may be a potential limiting variable; however, the carbon to nitrogen ratios
typically applied to optimum microbial growth may not be appropriate. Some research
has indicated that even in temperate climates the optimum carbon to nitrogen ratio for
hydrocarbon degradation is higher than the 10 to 12:1 normally assumed for maximum
microbial growth and cell yield. These values have been reported as 60:1,124:1, and
160:1 (Song et al., 1990). Using half the average total nitrate and ammonia nitrogen
concentrations reported for coastal Antarctica of 20mg/Kg, and an average of the three
reported carbon to nitrogen ratios noted above (115:1), enough nitrogen should be
available to biodegrade up to 2,300 milligrams of hydrocarbon per kilogram of soil.
Although reduction of 2,300 milligrams of hydrocarbons would not eliminate all
of a hypothetical petroleum release of 10,000 mg/Kg, it still suggests that biodegradation
is possible. Another characteristic of psychrophylic bacteria, in addition to growth at low
temperatures, is the ability to grow under low nutrient conditions. One of the
mechanisms proposed for this was rapid protein turnover. As a result, much of the
available nitrogen may be tied up in the cell structure of the microorganism (Gounot,
1986). Since most published data on the nitrogen concentrations reported for soils in the
ice-free areas of Antarctica typically have not included organic nitrogen, the impact of
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nitrogen on biodegradation of hydrocarbons may not be as significant as a strict
stroichiometric analysis might suggest.
Another mechanism that may occur in Antarctic bacteria is oxidative assimilation.
Bacteria have been shown to be able to degrade a substrate without replication. This
typically occurs under conditions of nutrient limitation. Without necessary nitrogen, for
example, bacteria may convert the substrate into fatty acids or carbohydrates that are
incorporated into the cell instead of producing proteins necessary for replication. These
compounds serve as reserves for the cell to call upon during times when substrate is not
available. Degradation of petroleum hydrocarbons may result in the storage of poly-betahydroxybutyrate under a nutrient limiting condition. Some microorganisms have been
reported to contain up to 90 % of this material under certain conditions (Shyler and
Kargi, 1992b). This may be a logical reaction by microorganisms in extreme
environments in order to survive (Gounot, 1986; Panikov, 1995b).
Therefore, while nitrogen might be a factor limiting the rate of biodegradation of
high concentrations of petroleum hydrocarbons in on-site soils, over the length of time
that the contaminants have been reported as being released to site soils, a noticeable level
o f biodegradation should have been observed. That is, even under low nutrient
conditions, the petroleum hydrocarbon substrate should have been diminished over time.
Soil Organic Carbon

An important consideration for evaluation during the biodegradation study is the
presence of ambient carbon in the soils. The growth of heterotrophic microorganisms
requires an organic substrate. The organic substrate for this research is assumed to be
petroleum hydrocarbons. However, if another organic substrate were present in the site
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soils, there could be an obscuration of the source of any observed microbial growth. In
particular, the percentage of naturally occurring, organic carbon in the soil can impact the
observed results of microbial growth, especially if present in high concentrations.
For organic carbon to accumulate in the soils there typically has to be an organic
source such as leaf and grass or vegetative litter. Accumulations of soil organic matter
and organic carbon are highest in wetlands and lowest in deserts. The rate of
accumulation of carbon in a boreal spruce forest is reported as 11.7 grams of carbon per
square meter per year (g/M2/yr) while the rate of accumulation in polar desert regions is
typically 0.2 g/M2/yr (Schlesinger, 1991).
In temperate region soils, organic carbon concentrations can be fairly high. For
instance, swamps and marshes are reported to have an average of 68.6 kilograms of
carbon per square meter (Kg/M-2). Temperate grasslands have an average of 19.2
Kg/M2, while cultivated lands have an average of 12.7 Kg/M2. By contrast, however,
desert regions, including polar deserts have an average of 0.1 Kg/M2 (Schlesinger, 1991).
The amount of carbon per square meter can be converted to a soil concentration by
conservatively assuming that most of the carbon is contained in the upper 6 to 7 inches of
the soil profile (furrow slice). A polar desert region with average carbon concentration
of 0.1 Kg/M2 would have an average carbon concentration of approximately 450
milligrams per kilogram of soil (Tedrow et al., 1966; Wall and Parsons, 1998).
The soils at McMurdo Station in Antarctica have been classified as cold, desert
soils. These soils were developed from glacial activity and the effects of repeated
freezing and thawing. Their texture is described as coarse sand with numerous larger
fragments. Soil profiles developed for the Dry Valleys do not have an organic layer. The
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Antarctic environment at McMurdo Station and vicinity, including the nearby Dry
Valleys are devoid of vegetation, except for some lichens and mosses that grow in the
vicinity of several seasonal lakes or near temporary snow melt pools. The Antarctic polar
desert soils have been reported to be the poorest soils in the world in regard to organic
carbon content (Campbell and Claridge, 1987; Wall and Parsons, 1998). Therefore, the
soils used in this research were expected to be low in organic carbon content.
Collection of true background soil samples for organic carbon analysis was not
possible for this research. The procurement of true background soil for analysis was
hampered by logistical problems. The research used contaminated soils from McMurdo
Station that had been shipped in sealed drums. There was no accompanying background
soil and the shipping delays and agricultural permitting process precluded obtaining
additional soil for background analysis. Additionally, field crews are available on station
for only several months each year.
However, a review of the available literature was performed to assess a likely
background organic carbon concentration to be expected. Several researchers have
performed analyses of soils in the Dry Valleys region and on Ross Island. High organic
carbon content in soils is reported for several locations in Antarctica. However, these
sites are nesting areas for seals, penguins, and birds. Those areas receive manure that
elevates the organic carbon content of soils in those specific locations. These areas are
relatively isolated and do not occur in the immediate area of McMurdo Station where the
contaminated soil was obtained, i.e. near the fuel storage tanks and along the fuel pipe
line to Williams Field.
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The organic carbon content of Ross Desert soils is reported as ranging from
0.0037 % to 0.32 % with an average of 0.064 %, or approximately 640 mg/Kg (Vishniac,
1993). It was also noted that the higher concentrations were found near lakeside locations
where the presence of intermittently available water assisted in biological activity,
especially the growth of algae. The deposition of organic carbon in Ross Desert soils is
believed to be primarily aerial in origin as decaying algae and lichens are dispersed after
growth from isolated lakes during the austral summer.
An area wide study was performed in the McMurdo Dry Valleys as a part of the
Long Term Ecological Research program. This study analyzed samples from a number
of locations at various elevations within the valley. The range of organic carbon in the
soils was determined to range from non-detectable up to 1,000 mg/Kg. However, the
average range of organic carbon in the soil samples analyzed was from approximately
200 to 400 mg/Kg (Wall and Parsons, 1998).
Some more specific data on possible soil background concentrations of total
organic carbon was obtained from another study of potential microbial degradability of
petroleum hydrocarbon contaminated soils from the McMurdo Station area. This study
collected a number of soil samples from the vicinity of McMurdo Station and adjacent
Scott Base along with several samples from Lake Vanda in the Dry Valleys. Three soil
samples from Lake Vanda were analyzed for total carbon content. These samples had an
average total carbon content of approximately 603 mg/Kg. Five additional samples
collected at background locations on Ross Island had an average concentration of
approximately 1,330 mg/Kg total carbon content. This slightly elevated concentration of
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total carbon may reflect increased human activity around the McMurdo Station, Scott
Base areas (Aislavie et al., 1998).
Several additional samples were collected and analyzed during that research.
However, those samples were contaminated with elevated levels of petroleum
hydrocarbons. When the total carbon content (i.e. naturally occurring organic carbon and
petroleum hydrocarbon) was determined it typically fell below the total petroleum
hydrocarbon concentrations of the same sample. Therefore, analysis of the contaminated
soils for determining the total organic carbon content of was determined not to be feasible
due to the interference from the existing total petroleum hydrocarbon contamination.
Even when ambient carbon is present in the soil, not all of it will be assimilated.
The first experimental run of this research did not offer evidence of significant
contribution of ambient organic carbon to microbial growth. That experiment, described
latter in this dissertation, employed a starting soil with total petroleum hydrocarbon
concentrations of approximately 1,000 mg/Kg. There was only a slight evolution of
carbon dioxide noted in that experiment and a statistically insignificant decrease in
petroleum hydrocarbon concentrations. If usable ambient organic carbon were present in
the soils, there should have been a marked observation of evolved carbon dioxide.
Therefore, a review of the available literature for soil organic content of soils in
the Dry Valleys and Ross Island areas suggests that the average concentration of total
organic carbon to be expected in the soils, used for this experiment, might range from
approximately 0 to 1,500 mg/Kg. A more likely range of organic carbon to be expected,
however, would be from approximately 500 to 1,000 mg/Kg.
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However, based upon the results of the first experiment conducted, if this organic
matter is present, it does not appear to be assimilated by microorganisms to any
significant degree. That is, if it is present even at the higher concentration, it did not
appear to have been used by soil microorganisms in the first experiment as evidenced by
the minimal evolution of carbon dioxide. Therefore, it can be expected to have minimal
impact on the interpretation of the results from the experiments.
Soil Oxygen Availability

In order for aerobic biochemical reactions to occur, sufficient oxygen must be
present. One gram of petroleum hydrocarbon typically requires over three grams of
oxygen for microbial degradation (Shuler and Kargi, 1992f). In the environment,
conditions occur that can limit biodegradation. Typically, engineered bioremediation
systems can supply this level of oxygen.
Swampy areas can have high levels of organic material, but are often oxygen
starved since the materials are usually saturated with water. Water filled soil pore space
will limit oxygen transfer from the atmosphere. Organic matter usually accumulates as a
result. Petroleum contaminated soils in the Arctic have been shown to be difficult to
degrade due to soils that are often water-logged for significant potions of the year even
though soil temperatures become relatively warm (Atlas, 1986; Moorhead and Reynolds,
1993). If the soils at McMurdo Station were water logged or ice filled, transfer of oxygen
to drive the biochemical reactions might be inhibited, possibly accounting for the poor
observed rate of biodegradation.
Unlike the soils in the Arctic, the soils in Antarctica and at McMurdo Station, in
particular, are fairly coarse, have very low organic matter content, and have moisture
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levels that are generally low at the upper levels above the permafrost. Because o f this,
oxygen is likely free to circulate through most of the soil profile above the permafrost.
Oxygen transfer to the soil matrix would occur primarily through diffusion from the
atmosphere. As oxygen is used by the microorganisms the concentration of oxygen in
the soil decreases. The higher concentrations of oxygen in the air at the surface will then
tend to diffuse downward into the soil where oxygen concentrations are lower. As
aerobic respiration takes place, the concentrations of carbon dioxide will increase.
Although carbon dioxide is heavier than air, the increase in carbon dioxide concentrations
in the soil will cause carbon dioxide to diffuse upward into the air at the surface of the
soil.
This oxygen diffusion will occur through a soil profile without a pressure gradient
and the rate of oxygen diffusion to the subsurface will be affected by depth. However, at
the near surface it would be approximately 8E-7 grams/square centimeter of surface per
minute (Buckman and Brady, 1969a). Using a one square foot area of contaminated soil,
this would result in approximately 96 grams of oxygen being transferred over a three
month long period of the austral summer. If the soil were contaminated, to a depth of one
foot, at a concentration of 10,000 mg/Kg, a mass of approximately 454 grams of
hydrocarbons would exist in the soil. At a stoichiometric oxygen requirement of
approximately 3.1 grams of oxygen to 1 gram of hydrocarbon, approximately 31 grams
of hydrocarbon could be degraded in one austral summer season, leaving a concentration
o f423 grams. Theoretically, after several years, most o f the hydrocarbon release should
be degraded. This discounts that mass that would be lost due to volatilization, or not
amenable to biodegradation due to recalcitrance.
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The actual transfer of oxygen to the subsurface is likely to be higher than that
indicated by diffusion alone. Additional oxygen will be introduced into the soil column
through the process of mass flow. Mass flow relates to the additional flux of oxygen to
the subsurface through atmospheric pressure changes, winds, and varying surface
temperatures. The most important of these may be rapid changes in surface soil
temperature. As the soil goes through cycles of heating and cooling, air can be drawn
into or expelled from the soil profile (Buckman and Brady, 1969a). Since there are
frequent surface soil temperature changes from above to below freezing this is likely to
increase the oxygen transfer to the subsurface soils at McMurdo Station.
Given the length of time that the contaminated soils have been reported to have
been in place without apparent significant decrease in concentration, it does not appear
that lack of oxygen availability is a major limiting factor inhibiting microbial degradation
of the fuel oil in the soil. Although optimum degradation would probably require mixing,
etc., to aerate the soil profile, enough oxygen should have been available, through
diffusion, for some decomposition of hydrocarbons to occur. While the rate of oxygen
diffusion might limit the rate of biodegradation, it would not appear to be a factor
inhibiting biodegradation of hydrocarbons at McMurdo Station.
Soil p H

The environmental pH conditions that surround microorganisms can affect
microbial activity. This is because of the electrochemical gradient that is established
across the cell membrane. This gradient is used to transport solutes into the cell and
waste material out of the cell. The electrochemical gradient is maintained by a difference
in hydrogen ion concentrations on either side of the cell membrane. The hydrogen ion
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differential is maintained by pumping hydrogen ions out of the cell. The cell uses ATP
generated from oxidative phosphorylation as energy for a hydrogen ion pump and
ATPese enzymes within the cell membrane. Upset of this hydrogen ion gradient can
cause cell inhibition and death (Gaudy and Gaudy, 1980a; Alberts et al., 1998d).
An analysis of the soil pH from McMurdo Station has indicated a pH in the range
from 8.5 to 8.7. Most bacteria are reported to have an optimum pH around 7.0. A low
pH in soils may create an environment where it is difficult to maintain a gradient into the
cell to supply solutes. However, bacteria have the ability to adjust their immediate
environment and can normally function across a wide range of pH, generally from 5 to 9
(Todar, 1999). Therefore, it is not anticipated that the ambient pH of the Antarctic soils
should severely limit microbial activity.
Additionally, soil pH within the range of 4 to 8 has been reported to have
negligible effect on microbial activity in Antarctic soil (Vishniac, 1993). This may be
because Antarctic bacteria have been adapted to the environmental pH conditions in
which they live. Therefore, the existing soil pH, while probably not optimum, should not
be inhibitory and some biodegradation should have been observed in the contaminated
soils at McMurdo Station.

Jet Fuel JP-8 Volatilization Potential

Petroleum hydrocarbons, as many other liquids, are susceptible to evaporation, or
volatilization. The degree of volatilization will depend upon a variety of factors including
the hydrocarbons' vapor pressure, ambient temperature, and the exchange of air across the
interface between the liquid surface and the gas (i.e. air). The vapor pressure is a
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measure o f the tendency of the petroleum hydrocarbon to transfer to the gas phase from
the liquid phase. The vapor pressure is increased with increasing temperature. Transfer
o f the hydrocarbon from the liquid phase to the gas phase is limited by the degree of
saturation of the gas phase. For clean air, the rate of transfer is higher than it would be if
the air held concentrations o f the petroleum hydrocarbons.
During the conduct of bioremediation studies of petroleum hydrocarbons,
therefore, a complicating variable is the potential for loss of petroleum hydrocarbon mass
during the course of the experiment, due to evaporation or volatilization of the
hydrocarbon. The physical loss of hydrocarbons can result in an overestimate of the
degree of hydrocarbon mass lost through biotic measures if all of the loss is attributed to
the effects of the microorganisms. Therefore, an estimate of the degree of volatilization
should be determined for each experiment. The physical loss of petroleum hydrocarbons
can then be subtracted from the overall measured loss.
One way that hydrocarbon loss may be determined is through evaluation of
petroleum hydrocarbon loss from sterile controls that are carried through the same
experimental conditions as the experimental samples. This would include maintaining a
similar airflow and temperature for the sterile controls that are used for the experimental
samples. However, because the soil would be sterilized, in theory, there would be no loss
due to biotic activity. The loss of petroleum hydrocarbons measured through this method
could then be subtracted from the overall measured petroleum hydrocarbon loss in the
experimental samples.
Another method of estimating the loss of hydrocarbons is through analytical
methods using mathematical models. Calculation of petroleum hydrocarbon loss due to
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volatilization through the use of an analytical model can be a conservative method of
estimating petroleum hydrocarbon loss through evaporation if the key parameters such as
temperature and vapor pressure are appropriately selected. The use of an analytical
model may be more appropriate and more accurate than a sterile control. For instance,
during the time of the experiment when volatilization would occur, some of the more
volatile compounds will also be subject to microbial degradation if the soil has not been
thoroughly sterilized. Sterilization of the soil material itself may be difficult since the
soil matrix can provide recesses for microorganisms to avoid being destroyed. If the total
destruction of the microorganisms is not achieved some fraction of the measured loss
would potentially be due to microbial activity. Thus, the estimate of biodegradation loss
due to microbial activity in the main reactors could be underestimated if it were assumed
that the total sterilization loss was due to volatilization.
Petroleum Hydrocarbon Volatilization Model

An analytical model for the assessment of the potential petroleum hydrocarbon
loss was developed (Kang and Oulman, 1996). This model uses the hydrocarbons' vapor
pressure, temperature, contaminant mass, surface area, and an airflow rate as input
variables. The model used experimental data and found excellent correlation of predicted
and observed values. The equation is considered to be conservative for this research,
since the model was developed for open top containers, with a rapid exchange of fresh air
(18 cubic meters per minute) beneath a hood. The containers used in this research
consisted of closed, sealed reactors with relatively low rates of airflow (6.0 cubic
centimeters per second). The equation developed for calculation of estimated losses is
given below.
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N = {[(O.33)(0)2(P)(D)(C) / (RTMt)] Ln (1/1-P)}

N = volatilization loss per day (kilomoles/M2/day)
D = diffusion coefficient (0.785 M2/day)
C = concentration (Kg/M3)
R = ideal gas constant (82 atm M3 / kmol °K)
T = absolute temperature (°K)
M = molecular weight (Kg/Kmol)
t = time (days)
p = temperature dependent hydrocarbon partial pressure (mm Hg)
P = 1 atmosphere (760 mm Hg)
0 = porosity (0.40)

The volatilization potential for petroleum hydrocarbons is greatest for the lighter
molecular weight petroleum products such as gasoline and least for the heavier weight
petroleum compounds such as No. 6 heating fuel. The petroleum hydrocarbon that was
evaluated in this research is jet fuel JP-8. This product is composed primarily of
kerosene. It is specifically formulated to be relatively non-flammable and volatile. It
replaces JP-4 which, while still relatively non-volatile is more volatile than JP-8.
JP-8 is less volatile than gasoline but more volatile than heavier weight fuel oils.
The relative degree of volatility for JP-8 can be observed by comparing the vapor
pressure for gasoline, water, diesel (fuel oil #2), and JP-8 as shown on material safety
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data sheets supplied by petroleum manufacturers. Gasoline has a vapor pressure in
excess o f 400 millimeters (mm Hg) of mercury at 20° C. The vapor pressure for water at
20° C is 17.54 mm Hg. Diesel fuel has a vapor pressure of 0.5 mm Hg at 20° C, while jet
fuel JP-8 has a vapor pressure of 0.1 mm Hg at 20° C (Exxon, 1999; Mobil, 1999b). JP-8
is significantly less volatile than gasoline, and significantly less volatile than water.
Because of the lower vapor pressure of jet fuel JP-8, it may be expected that there
would be less loss of this petroleum hydrocarbon during a bioremediation study than
when conducting a study on gasoline or water. This volatilization would be expected to
be relatively low also, when the experiments are conducted within closed reactors with a
controlled flow of air. Also, the focus of this research was to evaluate biodegradation at a
relatively low temperature.
Vapor Pressure at Low Temperature

The vapor pressures given above are for 20° C. Since vapor pressures decrease
with decreasing temperature, the vapor pressure of the JP-8 at the temperature used in
this research and the associated loss of hydrocarbons should be significantly lower than at
the 20° C value. In order to anticipate the expected loss of petroleum hydrocarbons, an
analysis may be performed of the volatilization potential using the above equation.
Published data is not available for significantly lower temperatures such as the 7°
C range used in this research. In order to accurately calculate the expected loss of the
petroleum hydrocarbon through the volatilization equation, the vapor pressure for the
hydrocarbon at the specific temperature under investigation must be known. The vapor
pressure o f a liquid at a lower (or higher) temperature may be determined through use of
the Clapeyron equation (Perry and Green, 1984). This equation can determine the vapor

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

pressure for a given liquid at a given temperature if two known vapor pressures at two
known temperatures are available.
The vapor pressure for that temperature can be calculated using the following
equations.
Ln Pv = A - (B/T)

[1/TVl/fll
A = In Pi + B/T!

Ln Pv = vapor pressure to be calculated (mm Hg).
T = temperature of concern (°K).
Pi = lower known vapor pressure (mm Hg).
P2 = higher known vapor pressure (mm Hg).
T 1 = lower known temperature (°K).
T2 = higher known temperature (°K).

The vapor pressure of JP-8 jet fuel was given as 0.1 mm Hg at 293° Kelvin (K)
and 5.2 mm Hg at 280° K (Exxon, 1999; Mobil, 1999b). Using these values and the
Clapyeron equation, the vapor pressure for JP-8 jet fuel at 7° C was calculated. This
value was calculated to be 0.0042 mm Hg. Supporting calculations are enclosed in
Appendix B. This lower vapor pressure is significantly lower than the 0.1mm value at
20° C, which indicates that the potential for loss of hydrocarbons during the experiment
conducted at 7° C, should be fairly low.
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An additional variable affecting the physical loss of hydrocarbons is the
movement of air across the surface of the soil. That is, saturated, stagnant air is not likely
to allow rapid removal of hydrocarbons through mass transfer from the liquid to the gas
phase. A rapid exchange of clean air, however, will allow continued transfer at the
maximum allowable rate for the specific compound and temperature. The equation is,
therefore, considered to be conservative in that it will likely over predict the loss of
petroleum hydrocarbons used in this research. Therefore, an estimation of petroleum
hydrocarbon loss through volatilization using this analytical procedure will be used in
this research as in addition to a sterile control set.

Summary

The results of the literature review suggests that there is potential for
bioremediation of petroleum hydrocarbon contaminated soils on-site in Antarctica. The
lack o f on-site in situ biodegradation observed in the single known, previous experiment
conducted by others on-site at McMurdo Station does not appear due to recalcitrance of
petroleum hydrocarbons (JP-8) or lack of indigenous hydrocarbon degrading
microorganisms. A large fraction of the petroleum hydrocarbon compounds present are
readily biodegradable by microorganisms. The microorganisms detected in soils are also
known to be able to use petroleum hydrocarbons, particularly /i-alkanes, as a growth
substrate.
Nor does the persistence of petroleum hydrocarbons in on-site soils without
diminished concentration appear to be due to absence of water, nutrient deficiency or lack
of available oxygen. Although water is only temporally and spatially available, it also
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does not explain the lack o f on-site decrease in petroleum hydrocarbon concentrations in
the soil. Even though nutrients are relatively limited, they would most likely limit the
rate of decomposition o f the petroleum hydrocarbons, and not necessarily inhibit the
degradation of the hydrocarbon compounds. The soils are relatively well aerated for
most of the time, in the zone above the permafrost.
The prolonged presence of JP-8 in near surface soils above the permafrost in
Antarctica also suggests that volatilization is not a strong mechanism for petroleum
hydrocarbon loss. The analytical model for petroleum hydrocarbon volatilization from
soils indicates that open surface areas contaminated with petroleum hydrocarbons should
exhibit significant reduction in petroleum hydrocarbons, if the vapor pressure is high
enough. Given the dry atmosphere and strong winds that are prevalent at McMurdo
Station, the conditions should provide for maximum volatilization potential. However,
JP-8 appears to have remained in the soil (Tumeo, 1997; Tumeo and Guinn, 1997).
Further, it does not appear that cold temperatures alone are inhibitory to
biodegradation of JP-8. It does appear plausible, however, that the limiting variable to
successful biodegradation of petroleum hydrocarbon on-site at McMurdo Station may be
frequent and rapid temperature fluctuations in the exposed soils at the site. These
fluctuations appear to be a common occurrence of the temperature regime during the
austral summer. Therefore, it appears that if soil temperatures can be stabilized at a
temperature above the freezing point, and moisture can be made continually available to
microorganisms, biodegradation of JP-8 should occur.
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CHAPTER 2

METHODS AND MATERIALS

Experimental Design

Any engineered bioremediation system that might be constructed on-site in
Antarctica would likely have to be of relatively simple design. This on-site system might
be a batch treatment system with soils being treated by land farming techniques. Land
farming biodegradation of contaminated soils typically are left undisturbed on a platform
or a liner with periodic addition of water, nutrients, and possible occasional mixing. For
Antarctic applications the system would also have to be enclosed to minimize heat and
moisture loss and maximize passive solar heating potential. This method of treatment
minimizes the operation and maintenance efforts, and takes advantage of relatively low
capital construction costs (Debevec andMacLaen, 1993; Muller-Markgraf, 1995).
An appropriate experimental system to evaluate the effects of such a system could
be a relatively simple set of covered pans of soil. A set of these pans would closely
replicate a larger scale land farming system. However, a critical component of this
research was to ensure that any observed biodegradation was due to indigenous
microorganisms contained in the drum of soil shipped from Antarctica. Also, it was
desired to keep the hydrocarbon losses due to volatilization at a minimum. Therefore,
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this simulation was accomplished using soil batch reactors constructed of sealed
containers. While this approach would be different from an engineered system, it allows
more controlled and definitive evaluation of respiration, oxygen supply, nutrient usage,
soil pH changes, and minimizes the effects of volatilization. This control of variables at
the research scale then generates good values to be used for the full-scale design.
This research involved two batch biodegradation experiments. The first
experiment was conducted using the soils as received from Antarctica. The second
experiment was conducted using similar soils but with additional petroleum hydrocarbon
fuel added to increase the initial hydrocarbon content. The practical limit of possible
petroleum contaminated soil remediation time is limited to the austral summer, running
from late October or early November to either late January or early February. Therefore,
the first batch experiment was conducted for 56 days and the second experiment for a
maximum period of 100 days. The structure of each of the two experiments is described
below. Additional detail of the methods and materials of these two experiments is
provided in subsequent paragraphs.
Experiment #1

This experiment was designed to evaluate the loss of petroleum hydrocarbons
over a period of 56 days using soil without additional petroleum hydrocarbon addition.
The initial concentration of petroleum hydrocarbons in this soil was approximately 1,150
milligrams per kilogram (mg/Kg). A total of 21 individual bioreactors were used (Figure
2-1). A set of 15 reactors, including 3 starting reactors, was used to evaluate
biodegradation at a stable temperature of 7° C for 56 days. A set of three reactors was
withdrawn from the experiment and each reactor was analyzed for total petroleum

80

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Figure 2-1. E x p e r im e n ts S etup S chem atic
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hydrocarbons, at each of four subsequent time intervals, for a triplicate assessment of
hydrocarbon concentration over time.
The starting concentration of the soil was assessed by analyzing three samples of
the soil that were kept frozen in sealed reactors without the addition of air, nutrients, or
water. Another set of three reactors was used as sterilized controls to evaluate the effects
of volatilization over the duration of the experiment. This set received air similar to the
15 reactors used to assess petroleum hydrocarbon loss through biodegradation. However,
the soil was sterilized, and no additional nutrients or water were added. A second set of
three reactors was used as a control to evaluate the effects o f daily, cyclical temperature
fluctuations from below to above freezing. This set received air, nutrients, and water
similar to the 15 primary biodegradation reactors. However, the temperature of the
incubating refrigerator water cyclically varied three times per day from -5° C to +10° C.
Experiment #2

The second experiment was conducted for a period of 100 days. A total of 28
bioreactors were used in this experiment, including 15 reactors to evaluate the effects of
petroleum hydrocarbon loss over time, similar to the first experiment (Figure 2-2).
However, the soils of these reactors received additional filter-sterilized JP-8 hydrocarbon
to achieve an approximate starting total petroleum hydrocarbon concentration of 13,000
mg/Kg.
A departure from the first experiment was that instead of five time intervals, only
three time intervals were evaluated during the course of the experiment. However, five
reactors were withdrawn at each of the three time intervals. These three intervals were in
addition to the initial measurement of starting petroleum hydrocarbon concentration in
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Figure 2-2. Experim ent #2 S etup S chem atic
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the soil. The initial intent was to conduct the experiment as a mirror of the first.
However, due to a marked decrease in the monitored respiration rate early in the
experiment, and an assessment of soil hydrocarbon concentration variability noted in the
first experiment, a decision was made to evaluate hydrocarbon loss at three time intervals
using a sample set of five reactors.
Four prepared soil reactors were analyzed for starting (after additional
hydrocarbon addition) concentration. Initially, a set of three reactors was prepared,
similar to the first experiment. However, one of the initial samples was comprised while
in transport to the laboratory. Therefore, two additional samples were prepared and
analyzed. A set of three reactors were also used for assessment of volatilization losses,
similar to the first experiment, however, these were subsequently discounted due to
preparation error. Three additional sets of three reactors were employed as controls.
Three reactors were used to evaluate hydrocarbon losses during daily cyclical freezing
and thawing. Also three soil reactors were used to evaluate the effects of soil with water,
and three soil reactors for soil with added nutrients, but no additional water.

Sterile Procedures

Although not a critical component of this research, it was desired to try to ensure
that the microorganisms used in these biodegradation studies were those that were
indigenous to the McMurdo Station site. Although it could not be ascertained whether
microorganisms in the soil at McMurdo Station are truly indigenous, or whether they had
been introduced through human activities over the decades of site occupation, it was
believed that they would at least be acclimated to the Antarctic environment. Therefore,
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procedures were taken during these experiments to minimize cross contamination with
microorganisms in the laboratory environment. Therefore, sterile procedures were used
during the conduct of this research, including the construction of a clean room for
preparing and conducting the experiment.
Clean Room

All experimental procedures were carried out in a "clean room" environment. The
clean room was constructed in order to create an area large enough to work with the
volumes of soil used in the experiment, in lieu of a glove box to maintain a sterile
environment. The clean room area was located in a comer of the laboratory away from
other activities. Two sides of the room were the existing walls of the laboratory with two
additional sides being created through the use of clear, heavy duty, polyethylene sheeting.
The sheeting was continuously taped to the ceiling and floor to create an airtight seal.
Access to the room was through an entrance made by leaving an opening of two
overlapping polyethylene sheets.
The entire interior of the clean room was first cleaned by removal of loose soil
and dust. The floor, ceiling and walls were washed with a solution of Alconox® and then
rinsed with tap water. After, all surfaces including the walls, interior plastic sheeting,
ceiling, and floor areas were disinfected with a hospital grade surface germicidal aerosol
spray from VWR Scientific (Sporocidin ®). Sporocidin ® is glutaraldehyde phenate
complex cold sterilizing solution. The spray is reported to be effective at antibacterial
and antifungal activity on working surfaces for over six months. The aerosol spray was
allowed to air dry prior to commencing work.
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Materials and Equipment

Prior to placement in the clean room the exterior surfaces of all materials were
disinfected in a similar manner to the clean room interior surfaces. This included
spraying the complete exterior of the soil drums, workbench, storage table, and
incubating refrigerators. In addition, the refrigerators were disinfected, by spraying the
disinfectant aerosol, throughout the interior surfaces of the refrigerators. Prior to entering
the clean room area, the interior atmosphere was sprayed with an aerosol disinfectant.
While working within the clean room area, a sterile, disposable, surgical facemask was
worn at all times along with disposable sterile gloves. During the course of the
experiment, all working surfaces were disinfected prior to opening the refrigerators and
removing reactors. Additional sterile procedures were employed during soil reactor
preparation and sampling and are described along with the specific methods and materials
described below.

Contaminated Soil Processing

The two experiments consisted of evaluating the relative petroleum hydrocarbon
concentrations in the soil received from McMurdo Station, over time, in a set o f sealed
reactors. Each reactor contained one kilogram of petroleum hydrocarbon-contaminated
soil and presumed indigenous microorganisms from a drum of soil shipped from
Antarctica. The soils were obtained from the site of a petroleum hydrocarbon spill at
McMurdo Station in Antarctica. Soils had been removed from the thawed layer of the
soil profile above the permafrost and placed into 2 - 55-gallon DOT storage drums during
the 1997-1998 austral summer research season. The drums were sealed with a metal
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bung and duct tape. The soils were then shipped from Antarctica via ship and truck
transport and kept below freezing temperatures throughout. Upon arrival at UNH they
were unloaded and immediately placed in a freezer where they were maintained at below
freezing temperatures until use.
The soil from the drums was processed within the clean room using sterile
procedures. Due to the size of the drum, and volume of soil used, a sterile glove box was
not practical. In addition to the sterile gloves and facemask, all tools, equipment and
containers were sterilized with either the Sporocidin ® aerosol spray or immersion in a
solution of Cidex ® sterilizing solution for a period of 12 hours or longer. The second
sterilizing agent was used to sterilize objects that could not be efficiently autoclaved.
Cidex ® solution is an alkaline glutaraldehyde solution that is used to sterilize surgical
instruments that are not autoclavable. It is reported to be effective against Gram-negative
and Gram-positive bacteria, fungi, and viruses. Cidex disinfects within 10 minutes and
sterilizes within 10 hours.
The soil sieves, trowels, and smaller metal soil storage and weighing containers
that received the processed soil were all sterilized using the Cidex ® solution.
Sterilization of equipment using the Cidex ® solution involved placing the equipment
into a tub with the Cidex ® solution overnight (longer that 10 hours). After, the
equipment was removed and allowed to air dry in the "clean room" on a sterilized bench
beneath a sterile cloth. Prior to opening the drum, the top and sides of the drum was
again disinfected with the aerosol spray. The disinfectant was not wiped off.
The soil received was extremely coarse and heterogeneous. It included many
fragments of rocks ranging up to several inches in diameter. Therefore, the soil was
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initially processed to remove cobbles, stones, and sizes larger than No. 4 screen size. The
resulting soil gradation used in the experiment was well graded coarse to fine sands.
Upon opening the drum, large size rocks and stones were removed and set into a separate
tub that had been sterilized with the aerosol spray. The finer grain soil was then placed
into another tub that had been pre-sterilized by washing with Cidex ® and spraying with
Sporocidin ®. The soil was transferred using a sterilized trowel and was sieved through a
sterilized No. 4 sieve prior to placement in the sterilized tub. The screened residual was
discarded into the first tub. Processing through the No. 4 sieve results in an approximate
upper soil size of 5 millimeters and is the upper limit of the classification of a coarse sand
according to the Unified Soil Classification System.
The sieved soil was mixed to achieve homogeneity. The sieved soil was then
transferred into small metal cans with lids that had been sterilized using the Cidex ®
solution and sterilization procedures mentioned previously. The metal cans and plastic
covers were recycled one pound coffee cans. Prior to sterilization with the Cidex ®
solution, these cans and covers had been cleaned with Alconox ® and deionized water
(non-sterilized). Additionally, prior to sterilization, all cans and lids were weighed to
determine the empty weight. Each can was numbered and the empty weight recorded.
After placement of the soil into the cans, the lids were replaced and the cans were
immediately placed into refrigerators set at below freezing temperatures (-10° C) to
maintain cold temperature conditions.
The mass of soil in each metal storage can was subsequently adjusted by
removing a small amount of soil until the net weight of the soil within the can was 1,000
grams. The cans were removed from a refrigerator and placed on a soil balance with a
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capacity of 1,200 grams and a reading accuracy of 0.01 grams. Removal o f the small
amounts of soil was performed with a sterilized trowel until the weight equaled the 1,000
grams plus the initial weight of the can and lid. The lid was then replaced, the can
sprayed with Sporocidin ®, and was placed back into the refrigerators until it was to be
used for loading into the reactors.

Experimental Apparatus

The main components of the experiment included sealed polyvinyl chloride
(PVC) reactors that contained the contaminated soil; several small dormitory room type
refrigerators that maintained the reactors at a relatively constant temperature; an air
supply system with air sterilization; and air flow control meters. Additional equipment
included temperature and moisture sensors, reactor effluent gas traps, and carbon dioxide
in air measuring tubes. Each of these components is described below.
Batch Biological Reactors

One of the key components of the experiment was to maintain aseptic conditions,
minimize volatilization, and precisely control flow of air into the soil. Additionally, the
reactors had to be capable of being opened without difficulty to access the soil without
contamination, if the addition of water became necessary. The reactors also had to have a
sufficient size to hold one kilogram of soil and allow a maximum number of reactors to
be fit into the small refrigerators. The reactors designed were, therefore, constructed of
4-inch diameter, threaded, polyvinyl chloride (PVC) pipe fittings.
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A schematic of the reactor is shown on Figure 2-3. The reactor components
included a male pipe end section, a female clean out adapter, and two end plugs. The
male pipe end section and female clean out adapter were connected, by sliding them
together. An air seal was created between the outside male wall and inside female wall
by placing a continuous bead of Teflon ® sealant around the exterior of the male section.
Each end of the reactor was closed with a threaded plug. An airtight seal was achieved
through use of a small amount of Teflon ® lubricant on the threads without introducing
any sealant into the reactor. Each of the end sections also had a hollow raised wrench lug
that allowed tightening the plug and also provided space for insertion o f tubing
connectors. A female #4 barbed connector to accommodate 1/4-inch inside diameter
Tygon ® tubing was inserted and cemented into a drilled hole in each o f the end sections
lug.
Prior to assembly and loading with soil, all of the components were sterilized
using Cidex ® cold sterilization solution. Cold sterilization was chosen due to the
number and size of the reactors and concern that autoclaving might affect the Teflon ®
seal o f the partial assemblies. A tub was prepared in the "clean room" with the Cidex ®
solution. The parts of the reactors were placed into the solution and allowed to remain
immersed overnight (excess of 10 hours). The reactor components were removed and
allowed to air dry within the "clean room" prior to loading the soil and final assembly.
A porous stone, Soil Test T-305, with a particle size of 120 microns, 3 inches in
diameter, and 0.25 inches thick was placed into the bottom of the reactor prior to addition
of soil. The stone served as a platform for the soil and prevented migration o f soil
particles into the lower hollow end lug and obstructing the air exhaust port. It also served
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to minimize short-circuiting of the flow of air added at the inlet. The porous stones were
sterilized by wrapping in aluminum foil and autoclaving at 121° C for 20 minutes prior to
use in the reactors. A picture o f an open reactor is shown on Figure 2-4.
Refrigerators/Temperature Control

The design temperature of both experiments was 7° C. The 7° C temperature was
chosen since it appears to be realistically achievable on-site using cost-effective remedial
measures. The reactors were incubated at a relatively constant temperature of between 6.0
to 7.0° C inside o f small, dorm type refrigerators (Figure 2-5). Because of the
refrigerators, a more stable temperature could not be achieved. However, when
excursions from that temperature occurred, they were to a colder temperature, near 6° C.
Soil temperatures were monitored via a Soil Test MC 310-A soil temperature cell in
reactors and a Cole-Parmer thermocouple in each refrigerator.
Each refrigerator held eight reactors set on racks and wooden blocks. A total of
16 holes 5/16 inch in diameter were drilled through the door of the refrigerator. Eight of
the holes were used for air inlet tubing while the remaining eight were used for the air
outlet tubing from the reactors. In addition, one 1/8-inch diameter hole was drilled for
insertion of a thermocouple for monitoring of refrigerator air temperature. Prior to the
start of the experiment, the refrigerators were adjusted for air temperature by a
temperature control inside the refrigerator. This temperature remained set for the
duration of the experiment.
A separate refrigerator was used for the fluctuating temperature control reactors.
This refrigerator had six holes drilled: three for air inlet tubing, and three for air outlet
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tubing. An additional hole was drilled for insertion of a thermocouple to monitor
refrigerator temperature. The temperature control inside the refrigerator was pre-set such
that turning on and off the refrigerator through an external timer switch achieved a
temperature fluctuation of -5° C to 10° C during an eight hour period. Figure 2-6 shows
the temperature cycling regime.
Air/Oxygen Supply

Approximately 3.1 mg of oxygen is required for aerobic degradation of one gram
of hydrocarbons. Dry air at sea level weighs approximately 1.225 grams per liter and
contains approximately 0.28 grams of oxygen (US 1962). In order to provide sufficient
oxygen to the soils, a constant flow of air at a rate of 6 ml per minute was provided to
each reactor. This flow delivered approximately 8.6 liters of air and 2.4 grams of oxygen
per day. This provided a stoichiometric mass of oxygen to allow theoretical total
degradation of the 4,675 mg of hydrocarbons over a period of one week. This was
intended to allow microbial degradation of the hydrocarbons to proceed without
impediment from oxygen limitations.
Air was supplied through 1/4-inch inside diameter Tygon ® tubing and an Air
Cadet ® pressure pump. Fresh air was transferred to the inlet port at the top of the
reactor, while air flushed from the reactor exiting through the bottom of the reactor. The
tubing was sterilized, prior to use, by immersion in Cidex ® disinfecting solution
overnight and allowed to air dry during installation. The air supply pump had a total
delivery capacity of 14 liters per minute and excess capacity was routed through a bleedoff valve. After leaving the pump, the air was passed through a pre-sterilized 0.45p.
bacteria filter to sterilize the air prior to distribution into the reactors.
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Airflow into the reactors was controlled by individual, dedicated Cole-Parmer ®
air flow meters. The flow meters had a maximum capacity of 7 ml per minute and
allowed monitoring the flow of air to within 0.2 ml. The exhaust port of each reactor was
periodically closed. The air flow meter was observed with the reading falling to zero.
This ensured that all 6 ml per minute of air actually was passed through the reactor. The
experimental setup is shown on Figure 2-7.

Initial Processed Soil Physical and Chemical Analysis

Prior to initiation of the two experiments, the soils, shown on Figure 2-8, were
analyzed for several physical and chemical characteristics. The soils were analyzed for
grain size distribution, water content, nutrient content (ammonia and nitrate nitrogen and
phosphorous), soil pH, and petroleum hydrocarbon content. This was necessary to
determine appropriate additions of water, etc.
Soil Grain Size Distribution

The soils o f McMurdo Station are described as glacial till consisting of basalt and
crushed volcanic rock derived from adjacent Mount Erebus. The soils are devoid of
vegetation and do not have a soil organic layer. The soils were generally very coarse
with little fine grain material (Bockheim, 1997; Tedrow, 1966b; Tumeo and Cummings,
1996). A grain size distribution assessment of the soils was performed in order to
determine the estimated optimum water content, for use during the experiments. This
was performed by using a set of sieves of a portion of the soil that had been sieved
through the No. 4 sieve as part of the soil processing. The resulting grain
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Figure 2-7. S et o f Incubation R efrigerators

Figure 2-8. Sieved Soil
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size distribution is shown on Figure 2-9 and is representative of a relatively well graded,
fine to coarse sand shown on Figure 2-8.
Water Content

To determine the existing water content of the drummed soil, samples of soil from
the drum were weighed, dried, and re-weighed in order to determine the soil moisture
levels. Three 100-gram samples of the processed soil were weighed and placed onto
aluminum foil and weighed again. Tire soil and aluminum foil were then placed into a
drying oven and dried for 24 hours at 105° C. The samples and aluminum foil were re
weighed to the nearest 0.01 grams. The initial water content of the soil was calculated by
subtracting the dried soil/aluminum foil weight from the initial soil/aluminum foil weight,
dividing the difference by the initial weight. That number was multiplied by 100 to
obtain the percent gravimetric water content (ASTM, 1993).
The soils from the drum had water contents of approximately 5% by gravimetric
weight. The unexpected high level of moisture may be attributed to collection of
contaminated soils early in the season when snow and ice were present. Also, excavation
of the contaminated soil occurs only where the soil has thawed and therefore where the
moisture levels would be higher. During handling and processing, the snow and ice
would have melted.
Soil Water Holding Capacity

Since water is necessary for microbial growth and metabolic activity, it was
necessary to determine the amount of water in the soils. Also, in order to add the
appropriate volume of additional water to each reactor, it was necessary to determine the
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Figure 2-9. Representative Soil Grain Size Distribution
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existing water content of the soil received in the drums. Therefore, several soil samples
were evaluated for water holding capacity.
Three 100-gram samples of the processed soil (with initial water content) were
placed into filter paper lined funnels. The funnels were set into the top of pre-weighed
500 milliliter (ml) Erlenmeyer flasks. An assumed excess of water was then added to the
soil in the funnels. Each sample had 100 ml of water slowly poured over the surface of
the soil in the funnels in small increments, allowing the water to slowly percolate into the
soil. The funnel was covered with aluminum foil to minimize evaporation and the soil
was allowed to drain overnight.
A separate funnel and filter also set into an Erlenmeyer received 100 ml of water,
but not soil. This funnel was also covered with aluminum foil after pouring water into
the funnel and covering the entire surface o f the filter paper. It was allowed to drain
overnight with the three soil samples. After draining overnight, the flask collecting the
drained water was weighed to the nearest 0.01 gram. The new weight was subtracted
from the dry flask weight. The weight of the drained water was subtracted from the
initial 100 ml added.
The water-holding capacity of the soil was calculated by subtracting the weight of
the drained water from 100 ml and then adding the weight of the water initially contained
in the soil. This weight was then divided by the dry soil weight and multiplied by 100 to
obtain the water holding capacity in percent (Forster, 1995). The resulting water holding
capacity in percent could be converted to cubic centimeters or milliliters by multiplying
the percentage times 1,000 grams.
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Nutrient Analysis

Although nutrients are not believed to be a problem inhibiting biodegradation of
hydrocarbons at Antarctica, adding nutrients would likely be necessary for stimulating
microbial growth and accelerating biodegradation of the petroleum. An initial
assessment of soil nutrient concentration was performed on a sample of the processed soil
that was set aside in order to determine the amount of additional nutrients to be added to
the soils and/or adjustment of the soil pH, including possible buffering of the soil.
The soil nitrogen, phosphorous, and pH content were determined using a LaMotte
® soil test kit Model STH-14 (Lamott, 1996). The LaMotte ® soil test kit is designed for
use in agricultural soil analysis. As such, the levels of precision and accuracy are not
what would be achieved using more sophisticated laboratory procedures. However, the
level of accuracy is sufficient and appropriate for the purposes to which it was applied in
this research. Additionally, the heterogeneity of the soils will result in variability of
results in each sample no matter what methods are used. Therefore, more detailed
analytical methods were not deemed likely to yield results any more accurate or precise.
Prior to soil analysis, an extract of the soil was required. Sodium acetate was
used as an extraction solution for subsequent analysis of nitrogen and phosphorous. A
5 -gram sample of soil was placed into a glass vial. Then 14 milliliters (ml) of sodium
acetate was added. The tube was capped and shaken for one minute. The suspension was
then poured through a filter paper lined funnel into a second glass vial container. The
filtered soil extract in the second was used for the nitrogen and phosphorous tests
described below.
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Soil nitrogen was measured as both ammonia-nitrogen and nitrate-nitrogen. The
lower detection limit of the test kits for the nitrogen measurements was 5 mg/Kg. While
this level of detection would not measure very low levels of nitrogen, it was considered
adequate to determine the relative concentrations of nitrogen in the soil. Since the levels
of hydrocarbon present in the soils would require stoichiometric concentrations of
nitrogen far above the 5 mg/Kg detection limit, the sensitivity of the test methods would
be sufficient to monitor the relative presence of nitrogen sufficient for evaluation of
nitrogen and/or phosphorous limitation on biodegradation.
Ammonia-nitrogen was determined using Nessler's Reagent. Four drops of the
extracted solution are placed onto a spot plate after which one drop of the reagent is
added and mixed with a clean glass stirring rod. After one minute, the resulting color
change, if any, is compared to an ammonia nitrogen color chart. The concentration of
ammonia-nitrogen is then interpolated from the range of concentrations associated with
varying color intensities on a chart. Ammonia-nitrogen concentrations in the processed
soil were detected, but at levels less than the 5 mg/Kg limit. That is, the reactions
showed a color change reflecting the presence o f both ammonia-nitrogen, but at a less
intense color shade less than provided for the 5 mg/Kg value.
Nitrate-nitrogen was determined based upon the Denige test. One milliliter of the
extract solution is transferred to a spot plate. The nitrate-nitrogen in the soil extract is
reduced to nitrite by adding 10 drops of potassium acid sulfate. A color change is then
developed by adding 0.5 grams of a second reagent composed of N(l-naphthyl)-ethylene
diamine dihydrochloride and sulfanilamide. After mixing with a clean glass rod, and
waiting 5 minutes, the resulting color is compared to a color chart. Determination of
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nitrate-nitrogen concentrations is made similar to ammonia-nitrogen. The level of nitratenitrogen was determined to be present, but at a concentration less than 5 mg/Kg.
The phosphorous test adds 6 drops of ammonium molybdate to a vial containing
10 milliliters of the soil extract. After shaking, stannous chloride is added in the form of
a pre-measured pellet and the vial is shaken again. After the pellet dissolves, the
resulting color is compared to a color comparison chart. The evaluation of the
concentration of total phosphorous is different than that for nitrogen in that the
comparative color intensity is made by viewing vertically down through the vial over a
series of color intensities on the chart ranging as low as 10 mg/Kg. Phosphorous was
detected at over 100 mg/Kg, reflecting an apparent abundance of this element in the soils.
De-ionized water is used to obtain a soil extract for determination of soil pH. A
10 gram sample of soil is placed into a glass vial followed by addition o f 10 mis of de
ionized water. The vial is capped and shaken for one minute. One ml o f a flocculating
reagent is then added, and the vial capped and shaken again. Suspended material is
allowed to settle prior to using the solution for analyses.
After settling, the soil extract is evaluated by transferring one ml of the extract to
two spot plate wells. Two drops of an indicator solution are added to the first well.
Depending upon the resulting color, a pH indicator solution is added to the second well.
The second indicator solutions included Thymol Blue (pH 8.0 - 9.6); Phenol Red (pH 6.8
- 8.4); Bromthymol Blue (pH 6.0 - 7.6); Chlorophenol Red (pH 5.2-6.8); and Bromcresol
Green (pH 3.8 - 5.8). The color change in the second well is then compared to a color
comparison chart. The procedures of the soil test kit have a sensitivity to allow
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determination of soil pH to within 0.1 pH units. The soil pH of the drummed soil was
measured at 8.7.

Petroleum Hydrocarbon Analysis

Total petroleum hydrocarbons were determined using EPA Method 8100,
modified for analysis of diesel range hydrocarbon compounds. This method is a gas
chromatography/flame ionization detection (GC/FID) procedure. EPA Method 8100,
modified, evaluates petroleum hydrocarbon components containing from nine to thirty
carbon atoms (Cg to C4 0 ). This method has the capability to detect total petroleum
hydrocarbons to a level of 10 mg/Kg in soil (Eastern, 1998).
In this procedure, an extract of the petroleum hydrocarbon-contaminated soil is
obtained using a solvent. If the petroleum hydrocarbon concentration in the soil is high,
the extract sample is diluted. The diluted sample is then injected directly into a gas
chromatograph where the extract passes through a special column. As the extract passes
through the column, the individual components of the petroleum hydrocarbon are
separated depending upon their chemical characteristics. As they separate, they result in
different retention times within the column. The retention times can be correlated with a
known standard to develop a reference standard (Weisman, 1999a; 1999b).
As the separate components of the petroleum hydrocarbon mixture leave the
column they can be detected using a flame ionization detector. The amount of the
particular component is proportional to the response as that portion of the hydrocarbon
passes through the detector. The GC/FID, therefore, detects any petroleum hydrocarbon
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constituent that leaves the column and is burned. The intensity of the petroleum
hydrocarbons burned results in an analog signal that is represented by a graph called the
chromatogram. The cumulative signals are combined and the total petroleum
hydrocarbon concentration is reported for a given standard, carbon number range.
For this research, although total petroleum hydrocarbon concentrations were
obtained for all samples, chromatogram printouts were obtained for only representative
samples due to budgetary constraints. Samples without chromatograms provided are
classified as EPA 8100, modified, Level 1, while samples with chromatograms provided
are classified as Level 2. The petroleum hydrocarbon analyses conducted for this
research, was performed by Eastern Analytical, Inc., of Concord, NH, which is a
commercial laboratory.
The initial hydrocarbon concentrations averaged approximately 1,150 mg/Kg for
the first drum and 3,200 mg/Kg for the second drum. The analysis of the processed soil
also indicated that not all the petroleum hydrocarbon was JP-8, for either the first drum or
second drum of soil. A portion of the petroleum hydrocarbon appeared to be a heavier
molecular weight hydrocarbon that was classified as a motor or lubrication oil by the
laboratory.
A representative chromatogram of the contaminated, processed soil from the first
drum is shown on Figure 2-10. A representative chromatogram of the soil from the
second drum is shown on Figure 2-11. The JP-8 portion of the hydrocarbon is
represented by the peaks from the approximately 8 to 15 minute retention times. The
heavier weight hydrocarbon fraction is indicated by the remaining peak from the
approximately 18 to 25 minute retention times.
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Figure 2-10. A ntarctic Soil Chrom atogram -D rum #1
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Soil Preparation Experiment #1
The processed soils were treated prior to placement in the reactors. This
treatment included addition of nutrients and water. Nutrients added included ammonianitrogen, nitrate-nitrogen, and phosphorous. For the volatilization control no nutrients or
water were added, but a sterilizing solution was added in place o f the water.
Nutrients

The nutrients added were ammonium nitrate and Bushnell-Haas ® media. The
Bushnell-Haas media contains ammonia and nitrate nitrogen, but also provides
phosphorous and all additional nutrients, including iron, magnesium, calcium, potassium,
sulfate, and chloride that are necessary for petroleum hydrocarbon-degrading
microorganisms. Bushnell-Haas broth is used for growth of hydrocarbon-degrading
bacteria during quality control studies of contamination, in fuel supplies (Difco, 1984).
Table 2-1
Bushnell-Haas Media Constituents

(at 3.27 grams per liter)
Mangesium Sulfate

0.20 grams

Calcium Chloride

0.02 grams

Monopotassium Phosphate

1.00 grams

Di-potassium Phosphate

1.00 grams

Ammonium-Nitrate

1.00 grams

Ferric Chloride

0.05 grams

Ammonium nitrate provides nitrogen as both ammonia-nitrogen and nitratenitrogen. While ammonia-nitrogen is the form of nitrogen most readily utilized by
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microorganisms, some bacteria are able to use nitrate-nitrogen. Also, if portions of the
soil matrix do not receive sufficient oxygen, bacteria might be able to use nitrate-nitrogen
as a terminal electron acceptor.
A nutrient solution was prepared by adding 20 grams of ammonium nitrate and 5
grams o f Bushnell-Haas media in de-ionized water up to a volume of 1,000 ml. This
resulted in a nutrient solution concentration of approximately 7.5 milligrams of nitrogen
per milliliter. Each soil reactor had approximately 75.0 mg of total nitrogen added in 10
ml of the nutrient solution added using a disposable, sterile pipette, to achieve a carbon to
nitrogen concentration of approximately 13:1. Prior to addition to the soil, the nutrients
were dissolved in de-ionized water and sterilized by autoclaving at 121° C and 15 pounds
per square inch (psi) for 20 minutes.
Since one half of the nitrogen added was nitrate-nitrogen, the ammonia-nitrogen
concentration was approximately 37.5 milligrams per kilogram for a carbon to nitrogen
ratio of approximately 26:1. While this is higher than the typical carbon to nitrogen ratio
of 10:1, it is lower than the 60:1 and 160:1 ratios stated by other researchers as being
adequate to promote petroleum hydrocarbon degradation.
Phosphorous was not considered to be a limiting nutrient in Antarctic soils
(Vishniac, 1993). However, the Bushnell-Haas provided additional phosphorous in the
nutrient solution. Discounting any available phosphorous in the Antarctic soils, the
Bushnell-Haas media provided approximately .57 mg o f phosphorous per milliliter of
nutrient solution. Each reactor had approximately 5.7 mg of phosphorous added for a
final hydrocarbon to phosphorous ratio of approximately 201.5:1.
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Water
Each reactor originally contained approximately 50.0 grams (cm3) of water in the
soil. The initial approximately 1,150 mg/Kg of hydrocarbon occupied approximately
0.95 cm3 of volume at a specific gravity of 0.81. An additional 10 ml (cm3) of sterilized
water with nutrients was added using a sterile, disposable pipette, and mixed into soil
with a sterile trowel for each reactor to achieve a final water/hydrocarbon volume of 61.0
cm3. This resulted in a water/hydrocarbon content of approximately 60 % of the
measured field capacity. Warm air entering the chilled reactors was expected to deliver
additional water to the soil through condensation. Soil moisture content was monitored
in each reactor by weighing and drying representative samples as they were removed
during intervals for periodic sampling.
Petroleum Hydrocarbon Addition

There were no additional hydrocarbons added to the soils in the first experiment.
The total petroleum hydrocarbons were those in the soil as received.

Soil Preparation Experiment #2

The processed soils for the second experiment were also treated prior to
placement in the reactors. This treatment included addition of nutrients and water.
Nutrients added included ammonia-nitrogen, nitrate-nitrogen, and phosphorous.
However, two additional controls were run. One had only water added while the other
had only nutrients added, in dry form. A volatilization control was not completed for the
second experiment.
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Nutrients

The nutrient solution for the second experiment was of a greater
concentration than the first experiment. A nutrient solution was prepared by adding 200
grams of ammonium nitrate and 50 grams of Bushnell-Haas media in de-ionized water up
to a volume of 1,000 ml. This resulted in a nutrient solution concentration of
approximately 75 milligrams of nitrogen per milliliter. Each soil reactor had
approximately 750 mg of total nitrogen added in 10 ml of the nutrient solution added
using a disposable, sterile pipette. Prior to addition to the soil, the nutrients were
dissolved in de-ionized water and sterilized by autoclaving at 121°C and 15 pounds per
square inch (psi) for 20 minutes.
Application of the nutrient solution in the volume used resulted in a carbon to
nitrogen concentration of approximately 15:1. However, only half of this nitrogen was in
the most probable readily assimilated form of ammonia-nitrogen. The ammonia-nitrogen
concentration was approximately 375 milligrams per kilogram for a carbon to nitrogen
ratio of approximately 30:1. While this is higher than the typical carbon to nitrogen ratio
of 10:1 used for biological operations, it is lower than the 60:1 and 160:1 ratios stated by
other researchers as being adequate to promote petroleum hydrocarbon degradation.
Phosphorous was not considered to be a limiting nutrient in Antarctic soils
(Vishniac, 1993). However, the Bushnell-Haas provided additional phosphorous in the
nutrient solution. Discounting any available phosphorous in the Antarctic soils, the
Bushnell-Haas media provided approximately 5.7 mg of phosphorous per milliliter of
nutrient solution. Each reactor had approximately 51 mg of phosphorous added for a
final hydrocarbon to phosphorous ratio of approximately 253:1.
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Water
Each reactor originally contained approximately 47.5 grams (cm3) of water.
Using a specific gravity of 0.81 for the JP-8 added, the reactor had approximately 16.0
cm3 of hydrocarbon, after mixing. An additional 10 ml (cm3) of sterilized water was
added using a sterile, disposable pipette, and mixed into soil with a sterile trowel, for
each reactor to achieve a final water/hydrocarbon volume of 73.5 cm3. This resulted in a
water/hydrocarbon content of approximately 70 % of the measured field capacity. Warm
air entering the chilled reactors was calculated to deliver additional water to the soil
through condensation. Soil moisture content was monitored in each reactor by weighing
and drying representative samples as they were removed during intervals for periodic
sampling.
Petroleum Hydrocarbon Addition

Additional petroleum hydrocarbon was added to the soils in the second
experiment. The fuel added was fresh JP-8 aviation fuel from an Air National Guard
facility. The fuel had a material safety data sheet (MSDS) specific gravity of 0.810
(Exxon, 1999; Laketon, 1996). Prior to using the fuel to inoculate the soil it was filtersterilized using disposable sterile containers and 0.20 p filters. Addition of the JP-8 to
the soil was accomplished by individually adding 12.5 ml of the fuel to each kilogram
container of soil using disposable, sterile pipettes. This volume was intended to add
approximately 10,000 milligrams of additional JP-8. The soils were thoroughly mixed
with a sterile trowel to distribute the JP-8. This resulted in a starting total petroleum
hydrocarbon concentration, in the soils, of approximately 13,000 mg/Kg.
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Experiment Controls

In addition to the main body incubated soil reactors, controls were also prepared
and carried through the experiments. These controls were contained in additional sealed
reactors to evaluate the possible effects of volatilization and temperature fluctuations for
the first experiment. The controls were used to evaluate the effects of temperature
fluctuations, nutrient limitation, and water limitation for the second experiment. All of
the control reactors were of the same construction and contained the same volume of soil
and mass of petroleum hydrocarbon as the main body reactors. Each also received
oxygen in the form of air at the same rate as the main body reactors.
Volatilization Control

Since JP-8 contains volatile hydrocarbons, a fraction of the hydrocarbon loss may
be attributable to physical loss during the experiment, and not be due to microbiological
activity. Therefore, a set of three reactors was used to assess the amount of volatilization
due to aeration by the supplied air. The soils were sterilized by replacing added water
with a disinfecting solution Cidex ®, thoroughly mixing the soil prior to placement in
each reactor. In order to further minimize any possible biological activity, no nutrients or
water were added to the soil. The reactors were incubated at the same temperature as the
main body reactors, at 7.0° C.
Temperature Fluctuation Control

In order to evaluate the effect of frequent, cyclical, soil temperature fluctuation on
the biodegradation of petroleum hydrocarbons, a temperature fluctuation control was
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included in the experiment. Temperature variation was achieved through incubation in a
refrigerator with an on-off timer set to achieve the desired temperatures.
Three bioreactor soil samples were incubated in a refrigerator that varied three
times a day in temperature from approximately -5° C degrees to +10° C. While the actual
air temperatures at the surface of the Antarctic soils often drop to below -5° C and rise
above 10° C, the chosen range is conservative in order not to create conditions that are
too extreme, i.e. frozen water, or excessive heat. The temperature variation was intended
to replicate that which would probably occur in the soils just below the ground surface.
These reactors had JP-8, moisture content, and nutrients similar to the main body
reactors. The temperature fluctuation controls were evaluated for petroleum hydrocarbon
concentration at the end of the experiment only.
Water Only Control

The second experiment also included three reactors that were used to evaluate the
effect of nutrient addition on the biodegradation of petroleum hydrocarbons. These soil
bioreactors contained addition of 10 ml of sterile water to the soil. However, the water
did not contain any additional nutrients. The reactors were incubated under the same
airflow and at the same stable, 7° C temperature as the main body of reactors. The "water
only" control reactors were analyzed at the end of the experiment.
Nutrients Only Control

The second experiment also included three reactors that were used to evaluate the
effect of water addition on the biodegradation of petroleum hydrocarbons in the soil.
These soil bioreactors contained additional nutrients that were added in dry form. The
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soil and nutrients were mixed together prior to placement in the reactors. The reactors
were incubated under the same airflow and at the same stable, 7° C temperature as the
main body of reactors. The "nutrients only" control reactors were analyzed at the end of
the experiment.

Bioreactor Soil Sampling

Soil measurements were conducted at the beginning of the experiment and at
intervals when representative reactors were removed from the refrigerators for collection
of samples. Soil sampling frequency was determined by observations of carbon dioxide
concentration is soil effluent gas. The sampling intervals, in addition to initial, were four
for the first, and three for the second experiment. During each sampling event, for the
first experiment, including prior to the start of the experiment, a total of three samples
were analyzed for each experimental condition for five intervals. During the second
experiment, five samples were collected at three intervals, plus four samples at the start
of the experiment and three for each control at the end.
Petroleum hydrocarbon concentration, moisture content, nitrogen, phosphorous,
and pH of the soils in each o f the soil bioreactors were analyzed at each of the reactor
sampling intervals. Additional sampling was conducted during the experiment for
various indicator and operational parameters. The soil bioreactor effluent gas was
analyzed for carbon dioxide concentration at variable intervals ranging from two days to
ten days throughout the experiment. The in situ soil temperature, moisture, and flow of
air were monitored on nearly a daily basis.
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Hydrocarbon Sampling
At the selected time interval, reactors were removed from the refrigerators and
sacrificed for sampling. For the first experiment, three reactors were removed at a time.
For the second experiment, up to five reactors were removed each time. The triplicate,
reactor control sets evaluating temperature fluctuation effects, volatilization, water, and
nutrients were removed and sampled at the end of the experiments.
Opening of the refrigerators and removal of the reactors was conducted wearing
sterile disposal gloves and facemask. The workbench surface was sterilized using
Sporocidin ® prior to placement of the extracted reactors on the workbench.
The reactors were opened and soil was transferred with a sterilized trowel to
aluminum foil that had been sterilized by autoclaving at 121° C for 15 minutes. From
there a portion of each of the soil samples was transferred to another piece of sterilized
aluminum foil for determination of approximate microbial population by the MPN
method described below.
The remainder of the soil was then transferred into laboratory supplied glass
sample jars. The jars were then sealed with a screw top cover and placed in a refrigerator
at -10° C until picked up by the laboratory's courier for analysis. The remaining soil was
placed into separate glass jars and immediately analyzed for pH, nitrogen, and
phosphorous by the methods described above.
Bioreactor Soil Moisture Content

In addition to monitoring the moisture content within the reactor with a moisture
cell, the soil moisture content was determined at intervals when the soil in the reactors
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was removed for total petroleum hydrocarbon analysis. This measurement was
performed at the analytical laboratory (Eastern Analytical of Concord, NH). It is usually
performed to adjust the measured hydrocarbon content to dry weight of the soil. If the
soil water content dropped below three or four percent, by weight, the remaining reactors
would have been opened and additional water added. The reactors maintained relatively
constant moisture content of five to six percent, by weight, throughout the experiment.
Assessment of Microbial Activity

During the course of the experiment, checks on microbial activity were
performed. These checks included evaluation of the microbial numbers in the soils using
a Most Probable Number (MPN) method (Kassem and Nannipieri, 1995b), and collection
of effluent gas from the reactors with analysis of the gas for carbon dioxide (Kassem and
Nannipieri, 1995c). These analyses were intended to confirm that microbial activity was
occurring within the reactors. Evidence of microbial activity would serve to confirm that
any measured losses of petroleum hydrocarbons was due, at least in part, to biotic activity
and not just volatilization.
Microbial Numbers Monitoring

The first component of the monitoring included assessment of microbial activity
at the beginning of the experiment and at intervals when reactors were sacrificed for
sampling. This was intended to assess the relative numbers of petroleum hydrocarbon
degrading microorganism at each time interval. An increase in the number of
hydrocarbon degrading microorganisms could be used to infer that petroleum
hydrocarbon was being consumed as the growth substrate for those microorganisms. The
method of assessing petroleum hydrocarbon degrading microorganism numbers was the
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Most Probable Number (MPN) method. This method provides a semi-quantitative
determination of the numbers of microorganisms using statistical tables.
Processed soil from the beginning of the experiment and soil from the sampled
reactors was placed onto sterilized (autoclaved) aluminum foil using a sterilized trowel
while wearing disposable sterile gloves. This soil was used to prepare a soil suspension
by placing a 20-gram sample of the soil into a sterile 250 milliliter (ml) Erlenmyer flask
along with 180 ml o f sterile de-ionized water and 360 milligrams (mg) of sodium
pyrophosphate to prepare a 10E-1 solution. A sterile stopper was used to seal the flask
and the flask was vigorously shaken for 15 minutes to separate microorganisms from the
soil to the solution. The suspension was allowed to settle for 15 minutes. A 10 ml
sample of the solution was then extracted using a sterile, disposable pipette and
transferred to another sterile 250 ml flask containing 90 ml of sterile de-ionized water to
create a 10E-2 solution. Additional serial dilutions were prepared down to 10E-7. These
dilutions were subsequently used to inoculate culture plates (Lorch et al., 1995).
Soil bacteria were inoculated to sterile, disposable Petri dishes with agar media
using the spread plate method (Kassem and Nannipieri, 1995a). The spread plate method
was used because of the incubation temperatures of the microorganisms. The use of the
pour plate method with warm agar was determined not to be appropriate since it might
induce heat shock to the microorganisms.
The spread plates were prepared using 15 grams of Difco ® Bacto Agar
augmented by 3.25 grams of Bushnell-Haas media dissolved in one liter of de-ionized
water. The agar used did not contain any organic substrate. It was used to provide a
solid growth medium only. Nutrients were added to the agar by mixing in Bushnell-Haas

118

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

nutrient media to the agar during the melting procedure. This media was used as the
growth nutrient since it contains all the necessary nutrients for the growth of hydrocarbon
degrading apparatus microorganisms, except for the hydrocarbon. It also contains no
other organic that could serve as a substrate for microbial growth. Bushnell-Hass nutrient
media is often used to specifically isolate petroleum hydrocarbon degrading
microorganisms such as those found in contaminated jet fuel (Difco, 1984). The
petroleum hydrocarbon under consideration is applied as the carbon source either in the
agar for the pour plate method or on the plate in the spread plate method. The agar and
nutrient media were dissolved in the water by boiling and then sterilized by autoclaving
at 121°C for 15 minutes. The agar was allowed to cool and was then poured into sterile
Petri dishes and covered. After the poured agar had solidified, the dishes were inverted
and stored for 24 hours prior to use.
The presence and approximate number of petroleum hydrocarbon degrading
microbes was made using the MPN technique. This method has been used by other
researchers using both plating and tube methods to determine relative numbers of
petroleum hydrocarbon degrading microorganisms (Aislavie, 1998; Brown and Braddock
1990; Delille et al., 1997; Tumeo and Wolk, 1994). A series of triplicate set Petri dishes
were inoculated with 0.5 mis of each of the soil extract serial dilutions. A control was
also prepared as a check on sterile procedures by adding sterile water to a triplicate set of
agar plates. The dish covers were replaced after adding the soil extraction dilution.
The carbon source for MPN count was JP-8 jet fuel. This fuel is identical to the
fuel in the soil. Prior to use in plating, the JP-8 was filter sterilized using a 0.20 urn filter
to remove any possible microorganisms. Using a pipette, 50 microliters (|il) o f the filter
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sterilized JP-8 placed onto the agar surface of each dish. The added serial dilution and
JP-8 were spread over the Pitre dish using a sterile Drigalsky glass stick and the covers of
the dish was replaced immediately after addition of the JP-8 and mixing. The Drigalsky
stick was sterilized prior to each use by immersing in alcohol and igniting in a flame.
Inoculation also proceeded from the lowest serial dilution to the highest with the
exception that the control set was inoculated last.
The dishes were then incubated in the dark at a temperature between 16 to 18° C.
This temperature was used since it is encompasses the range of growth for psychrophylic
and psychrotrophic bacteria. Although the temperature is higher than the incubation
temperature other researchers have found that incubation at this temperature did not result
in differences in microbial numbers, but did shorten the incubation time. This
temperature range is between optimum and maximum for growth of psychrophilic
bacteria and near optimum for psychrotrophic bacteria (Aislavie, 1998; Delille, 1997;
Harris and Tibbies, 1997; Todar, 1999).
The plates were observed on a daily basis until there was stabilization of the
number of plates exhibiting positive growth at the highest serial dilution. At that time,
the number of positive plates, those showing growth of colonies, at each serial dilution
were used to determine the statistical most probable number of petroleum hydrocarbon
degrading microorganisms for that sample. This was determined by comparison of the
numbers of positives to a reference table and adjustment of the number by multiplying by
two to allow for use o f a 0.5 ml inoculating soil extract sample. A photograph of typical
MPN plates is provided at Figure 2-12.
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Figure 2-12. Triplicate MPN P late S et
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Microbial Respiration Monitoring

The second component o f the microbial activity assessment during these
biodegradation experiments was to assess the rate at which microorganisms might be
respiring. During the consumption of the petroleum hydrocarbon within the soil in each
of the reactors, carbon dioxide will be produced. Since ambient air typically contains
approximately 350 parts per million of carbon dioxide (US 1962), carbon dioxide
concentrations in excess o f this value can be considered representative of conversion of
organic carbon in the reactor soil to bacterial cell mass and carbon dioxide.
Collection of any carbon dioxide produced and introduced to the reactor
atmosphere was accomplished by capturing exiting air from the reactors and analyzing it
for carbon dioxide concentration. A photograph of the gas trap, Draeger ® sampling
tube, and bellows sampling pump is shown on Figure 2-13. The exhaust air from the
reactors was collected in gas traps with a volume of approximately 1.9 liters. The gas
traps were constructed of plastic milk containers that had been washed with Alconox ®
and sterilized with Cidex ®.
The volume of the gas traps was sufficient to provide a time-weighted average
concentration of any carbon dioxide emitted during a period of over five hours at an
effluent air flow of 6 cubic centimeters per minute. This time weighted average allowed
for equalization of carbon dioxide emission by any microorganisms and also provided
sufficient air volume for analysis.
The carbon dioxide concentration in the exhaust air was measured using Draeger
® gas detector tubes. These tubes contain a hydrazine compound that reacts with carbon
dioxide. A measured volume of air is drawn through the tubes using a bellows pump.
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Two ranges o f detector tubes were used during the experiment. At low carbon dioxide
emission rates a detector tube with a sensitivity range of 100 to 3,000 ppm was used.
For low concentrations of carbon dioxide, this volume is 1 liter. When the carbon
dioxide emissions increased, a tube calibrated for the range of 1,000 to 10,000 ppm was
used. For higher concentrations of carbon dioxide, the volume of air used is 0.5 liter.
At the time of sampling the exhaust tubing was disconnected at a point between
the reactor and the top of the collection container. The tubing to the container was then
connected to a Draeger ® gas-sampling pump with an attached carbon dioxide detector
tube. The sampling pump was used to draw a volume of gas through the detector tube at
a calibrated volume. Since carbon dioxide is heavier than air, the exhaust tube was
placed to the bottom of the collection container. This was designed to minimize dilution
of carbon dioxide concentrations as trapped air is withdrawn for analysis with the
Draeger ® tube bellows pump. A vent at the top of the container allowed displaced air to
exit as effluent reactor gas entered the reactor, or fresh air to enter as the trapped air is
withdrawn.
The concentration of carbon dioxide in the trapped effluent air is determined by
reading the length of the resulting color change along the detector tube. As the carbon
dioxide in the air reacts with the hydrazine a color change that is observable along the
tube is produced. The greater the length of the color change along the tube, the higher
the carbon dioxide concentration. The tubes hold gradation markings that correspond to
increasing concentrations of the carbon dioxide measured allowing the carbon dioxide
concentrations to be read directly.
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The carbon dioxide detector tubes are calibrated at the manufacturer and are
stated to be accurate to approximately +/- 10%. Although the tubes are accurate to only
approximately +/- 10%, the low range tubes are sensitive enough to detect low levels of
carbon dioxide and allow detection of microbial respiration. Calibration of the detector
tubes was performed by periodically collecting samples of ambient atmosphere outside of
the laboratory away from any potential influences of human respiration. The readings of
the detector tubes consistently correlated with the generally stated atmospheric carbon
dioxide background concentrations of 350 to 400 parts per million.
An additional calibration was performed to allow direct reading from the gas traps
without mathematically prorating dilution effects in the traps as air is withdrawn. A gas
Tedlar ® bag with a capacity of 2.0 liters was used to collect effluent air over a period of
approximately 6 hours. A gas reading was then taken using collected effluent air in the
bag using a detector tube and sampling pump. A fabricated gas trap (plastic milk carton)
was then attached to the same reactor. Gas was collected over another period of six hours
and was then analyzed using another detector tube. The next day, the process was
repeated, but with the gas trap being used and analyzed first and the Tedlar ® bag second.
The readings were compared and a value of 0.86 was used as an adjustment factor for the
effects of dilution of incoming atmosphere as trapped gas is withdrawn. That is, the
readings from the gas traps were adjusted upward.
Representative readings were taken from several reactors every few days and the
results used to determine the progress of the microbiological reactions. The interval of
the readings were two to three days apart at the start o f the experiments and subsequently
were spaced further apart as the experiments progressed. The concentration of carbon
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dioxide in parts per million were converted to milligrams per liter for subsequent use in
mass balance calculation.

Petroleum Hydrocarbon Chromatogram Comparison

Total petroleum hydrocarbon chromatograms were evaluated for selected soil
samples at each of the sampling intervals for the second experiment. The initial, (Day 0),
bioreactor soil petroleum hydrocarbon chromatogram was compared to each of the
obtained chromatograms for the three time intervals of the experiment and the
chromatogram from each of the three controls. The comparison focused on the relative
changes in response intensity reflected on the scale at the left of the chromatogram, for
each of seven n-alkane carbon compounds (Cio through Ci6). It was not deemed
necessary to try to determine an exact change in concentration for that compound.
Reference Points/Peaks

In order to determine loss of specific petroleum hydrocarbon compounds, the
individual hydrocarbon compounds of concern were identified on the chromatogram. JP8 is kerosene that has approximately 80% to 90% saturated hydrocarbons and 10% to
20% aromatics. Straight kerosene can have up to 30% aromatics with the balance of the
hydrocarbons being saturated hydrocarbons. Jet fuel, JP-8, is primarily composed of
hydrocarbon compounds within the Cg to Cn range with most of the compounds being
the Cio to Ch range (Weisman, 1999a; 1999b).
For purposes of clarification in this research it is emphasized that the
biodegradation study did not use JP-4, a jet fuel that is commonly referred to when
discussing jet fuels. That jet fuel has been widely used in the past, but is currently being
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phased out. By way of comparison, that fuel has a wider cut of hydrocarbons ranging
from C6 to C 14 or Ci6 - That fuel is a mixture of naphtha, gasoline, and kerosene. It
should be noted that jet fuel JP-4 is much more volatile than JP- 8 (Weisman, 1999a;
1999b). Jet fuel JP - 8 is the fuel that has been used for many years at the McMurdo
research station, and is the contaminant of concern.
There is no detailed analysis available for JP-8 . This is because the fuel has to be
manufactured to meet specific boiling point ranges and performance standards,
depending on the ultimate use of that product by the customer. Additionally, there are a
large number of isomers within the carbon range used for the fuel, which preclude exact
identification of all components. However, there are forty-five compounds that make up
roughly 42 % of JP-8 . The greatest percentage of these compounds, are the a-alkanes.
Table 2-2 lists the major components of JP - 8 and their percentage of the fuel (Smith et
al., 1981).
A review of the table indicates that the compounds with the highest percentages
by weight, in JP- 8 are n-Undecane, «-Docane, «-Tridecane, and n-Tetradecane. There
are lesser, but significant, percentages o f several other straight and branched alkanes,
cycloalkanes, naphthalene, and alkyl-monoaromatics. However, the four straight alkanes
listed above are the predominant compounds in JP-8 . These compounds can be used to
serve as indicator compound signatures on the chromatogram to assess the
biodegradation losses.
Although the n-alkanes are more volatile than the aromatic or cycloalkane
hydrocarbons, for similar carbon numbers, the volatility of all the hydrocarbons decreases
with increasing carbon number. Therefore, the identified indicator compounds Cio
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Table 2-2
Jet Fuel JP-8 Components

Compound Class

Carbon

Compound

Weight Percent

Alkenes

13

Tridecene

0.73

8

m-Xylene

0.06

8

o-Xylene

0.06

9

1,2,3-Trimethylbenzene

0.27

10

1,2,3,4-T rimethylbenzene

1.10

10

1,3 Dimethyl-5-ethylbenzene

0.62

10

1-Methyl-2-isopropylbenzene

0.56

12

1,2,4-Trimethylbenzene

0.99

12

1,3,5-Trimethylbenzene

0.60

13

n-Heptylbenzene

0.25

14

n-Octylbenzene

0.61

15

1-Ethylpropylbenzene

0.99

3-Methyloctane

0.04

10

2,4,6-Trimethylheptane

0.07

11

2-Methyldecane

0.41

12

2,6-Dimmethyldecane

0.66

12

2-Methylundecane

1.20

13

2,6-Dimethylundecane

2.10

9

1,1,3-Trimethylcyclohexane

0.06

9

1,3,5-Trimethylcyclohexane

0.06

9

1-Methyl-4-ethylcyclcohexane

0.10

Akyl-Monoaromatics

Branched Alkanes

Cycloalkanes

9
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Table 2-2 (Continued)

Carbon Class

Compound

Weight Percent

9

Propylcyclohexane

0.14

10

n-Butylcyclohexane

0.74

12

Hexylcyclohexane

0.93

12

Phenylcyclohexane

0.87

13

Heptylcyclohexane

1.00

Diaromatic

12

Biphenyl

0.63

rt-Alkanes

7

n-Heptane

0.63

8

n-Octane

0.03

9

n-Nonane

0.09

10

n-Decane

1.30

11

n-Undecane

4.10

12

n-Dodecane

4.70

13

n-Tridecane

4.40

14

n-Tetradecane

3.00

15

n-Pentadecane

1.60

16

n-Hexadecane

0.45

17

n-Heptadecane

0.08

18

n-Octadecane

0.02

10

Naphthalene

1.10

11

1-Methylnaphthalene

1.80

12

1-Ethylnaphthalene

0.33

12

2,3-Dimethylnaphthalene

0.36

12

2,6-Dimethylnaphthalene

1.30

Naphthalenes

Carbon
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through Ci6 are likely to be much less volatile than the lower carbon numbered nalkanes, which comprise a relatively small fraction of the JP-8. Additionally, the nalkane hydrocarbons are the most readily biodegraded. Monitoring their relative
presence will give an indication of the degree of change over the course of the
experiment, and provide an indicator of biotic loss of petroleum hydrocarbon.
Figure 2-14 shows the JP-8 standard chromatogram used for this research. The
chromatogram was prepared by the laboratory. A sample of the same JP-8 fuel that was
used for increasing the total petroleum hydrocarbon concentration of the soil used in the
experiment was used to prepare the standard. The figure indicates the location of the four
hydrocarbon compounds present in the highest concentration. Additionally, JP-8
contains other n-alkane compounds, primarily between the Cio and Cm range. Those
straight chain alkane compounds are also included on the standard chromatogram.
Relative Response Comparison

At each evaluated petroleum hydrocarbon reference point, the compound response
referenced to the Flame Ionization Detector Response axis was scaled off and compared
to the scaled response on the Flame Ionization Detector Response axis for that compound
as shown on the initial (Day 0) chromatogram. This response was then converted to a
percentage of the starting response. For instance, a response for a particular compound at
a given experimental sampling interval might be 6 E5. If the starting concentration
response for that compound was 8 E5, the relative change was noted by the percentage of
the starting response, in this case, 15%. That would indicate a loss of that compound of
approximately 25 %.
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Figure 2-14. Location of Hydrocarbon Compound Reference Peaks
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An example of the method is provided on Figures 2-15 and 2-16. Figure 2-15 is a
copy of the initial soil, Day 0 total petroleum hydrocarbon chromatogram. The figure
includes an arrow from one of the hydrocarbon peaks to the Flame Ionization Detector
Response axis. Figure 2-16 is a copy o f one of the Day 18 total petroleum hydrocarbon
chromatograms. An arrow is also shown from the same hydrocarbon reference peak
noted on the Day 0 chromatogram, to the Flame Ionization Detector Response axis.
Comparison of both of the figures and arrows shows that there is an observable difference
in the Flame Ionization Detector Response axis values.
The concentration of the Day 0 sample was 13,000 mg/Kg. Therefore, the
concentration in the subsequent soil samples and the chromatogram response can be
evaluated in terms of the average starting concentration. Although the starting
concentration of the Day 50 chromatogram might have been lower (or higher) than the
Day 0 chromatogram, evaluation of microbiological activity, or volatilization can still be
made by evaluating the relative response over a range of several hydrocarbon reference
peaks. That is, volatilization would be expected to affect the lower weight hydrocarbons
more than the heavier weight hydrocarbons.
Several of the chromatograms, however, were produced at different dilutions.
That is, the analytical laboratory diluted the soil sample by a different fraction. The
dilutions used included 9X, 10X, and 1IX. Since the initial (Day 0) chromatogram was
diluted 1IX, where a chromatogram was diluted by 9X or 10X, the response for a
compound in that sample was multiplied by 9/11 and 10/11, respectively, prior to
determining the percentage of that compound remaining relative to the starting
concentration chromatogram.
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Operational Monitoring
The operation o f the experiment was monitored throughout. This was intended
primarily to ensure that incubation was proceeding at the appropriate temperature, that air
was being supplied at an adequate rate of flow to allow biodegradation to occur, and that
adequate moisture was being retained in the soil bioreactors.
The air flow meters were checked and adjusted daily to maintain the constant 6
cubic centimeter per minute flow o f air. This was accomplished by directly reading the
float valve ball in the meter observation window. When the rate of airflow deviated
slightly, the rate of airflow was adjusted accordingly.
Additionally, the air outlet port was closed at each bioreactor. The rate of airflow
in the meter was observed until it fell to zero. If the rate of airflow did not fall to zero
upon blocking the outlet port, it would signify that the tightness of the reactor had
lessened.
Temperature within the refrigerators was monitored by directly reading a
thermocouple meter and a temperature cell within each reactor. The temperature of the
soil in the reactors was not allowed to rise above 7° C, although if the temperature fell
somewhat lower, no adjustment was made.
Soil moisture was also monitored. This was accomplished by taking readings of
the moisture sensor that was in each of the soil reactors. This procedure was semiquantitative in that it could not determine the precise amount of water in the soil.
However, it did allow a check that the soil was not drying out.
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Statistical Analyses

The reduction of total petroleum hydrocarbons was analyzed using statistical
procedures. The number of samples for each set limited the choice of the statistical
method. That is, each data point had only three measurements, which were compared to
six starting soil sample concentrations for the first experiment, while five and three
observations were compared to four starting point observations for the second
experiment.
Also, the data collected was not normally distributed. Therefore, non-parametric
statistical analyses were used. The statistical method that was chosen for evaluation of
experimental data was the Kolomogorov-Smimov Two-Sample Test (Steel and Torrie,
1980). This statistical method allows evaluation of the null hypothesis to determine
whether different sets, of petroleum hydrocarbon-containing soil reactors, were from the
same population.
This statistical test evaluates two independent sample sets and evaluates whether
they are from the same or different distribution. Specifically, this test looks at the
maximum difference between the sample sets. This test was used because it can be used
to compare smaller sample sets, such as when evaluating potential differences between
the controls and the biodegradation experiment result at the end of the experiment, as
compared to evaluating the end results of each to the initial soil petroleum hydrocarbon
concentrations.
The observations of the two sample sets are ranked (Y) and a fraction of each
sample set represented by that observation Fn(Y) is determined (exceedance probability).
The values are entered into a table and the differences between value of Y are calculated.
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The differences resulting from those calculations are evaluated to find the maximum
difference that is designated as " D

Reference tables are consulted to obtain a "critical

value" for the appropriate number of observations in each sample set; in this experiment,
the number of observations in each set was three. The published "critical value" for this
situation at the 95 percent confidence interval for a two-sided test was 5/6.
For this statistical procedure, if the calculated maximum difference between the
sets " D " is less than the "critical value" the null hypothesis is accepted and the sample
sets are considered to be from the same populations. If the calculated" D 11is larger than
the published "critical value" the null hypothesis is rejected and the two sample sets are
considered to be from a different population.
An example of the format for tabulating and presenting the data is shown below.
Y1
810
820

Fn (Yl)
1/3
2/3

1100

3/3

Y2

960
1100
1100
1200
1200
1300

Fn (Y2)

1/6
5/12
5/12
9/12
9/12
6/6

f Fn (Y l) - Fn (Y2) |
[1/3-0]
[2/3 - 0]
T2/3 - 1/61

Difference
1/3
2/3
3/6

[3/3 - 5/12]

7/12 = D

[3/3 - 9/12]
[3/3 - 6/6]

3/12
0

The largest difference "D" between sample sets is 7/12. This is highlighted in bold type.
For two sets of 3 and 6 samples, the critical value is 5/6, as taken from reference tables
(Steel and Torrie 1980). Since D = 7/12 < 5/6, the null hypothesis is accepted and the
observations are from the same populations.
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CHAPTER 3

RESULTS AND DISCUSSION

Two experiments were conducted to evaluate the effects of temperature cycling
on the rate and extent of hydrocarbon losses through biodegradation by microorganisms
presumed to be indigenous to Antarctic soil. The first experiment was conducted using
soils contaminated only with hydrocarbons as received in the drum shipped from
Antarctica. The second experiment was conducted after adding additional fresh,
petroleum hydrocarbon JP-8 to the soils. The results of these experiments show that
significant petroleum hydrocarbon losses occurred, at a relatively low, stable
temperature.
The major portion of the petroleum hydrocarbon losses appeared to be as a result
of microbial activity. Evidence of significant microbial respiration was measured by
evolved carbon dioxide. Additionally, for the second experiment, there was an increase
in microbial numbers, as measured by the most probable number (MPN) method.
Minimal loss of hydrocarbons due to volatilization was noted, as measured by sterile
controls and analytical modeling. The microorganisms responsible for the
biodegradation appear to be indigenous to the Antarctic soils. The results also indicate
that fluctuations in temperature impacted the ability of the microorganisms to degrade the
petroleum hydrocarbons.
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Results and Discussion Experiment #1
The results and discussion of the first biodegradation experiment are provided in
the following sections. A summary o f the results from Experiment #1 is presented on
Table 3-1-1 and Figure 3-1-1.
A decrease in the total petroleum hydrocarbon from the initial concentrations was
noted for the soils withdrawn from all of the experimental reactors. The greatest loss in
petroleum hydrocarbon concentrations was measured for the experimental reactors that
had been incubated at a constant temperature. A lesser decline in petroleum hydrocarbon
concentrations was noted for the reactors that had been incubated with cyclical,
fluctuating temperatures. Loss of total petroleum hydrocarbons was also noted for the
volatilization control reactors, but at a relative loss rate lower than the main body
reactors.

Total Petroleum Hydrocarbon Concentrations
Main Body Bioreactors

The initial petroleum hydrocarbon concentrations for the steady temperature
reactors declined from an average of 1,143 milligrams per kilogram (mg/Kg) to an
average, for three reactors, of 703 mg/Kg at the end of the experiment. The gross,
average petroleum hydrocarbon loss was measured to be 440 mg/Kg. During that time,
the greatest loss in total petroleum hydrocarbon concentration appeared to occur by the
7th day o f the experiment, declining from 1,143 mg/Kg to an average of 910 mg/Kg (233
mg/Kg). Additional loss o f total petroleum hydrocarbon occurred over the remaining 45
days that was approximately equal to that lost during the first 7 days.
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Table 3-1-1
Experiment #1 Data Summary
Sample
Day 0
AS-4
AS-5
AS-6
AS-19
AS-20
AS-21
Day 7
AS-1
AS-2
AS-3
Day 14
AS-7
AS-8
AS-9
Day 28
AS-10
AS-11
AS-12
Day 56
AS-13
AS-14
AS-15
Volatilization
Control
AS-22
AS-23
AS-24
Temperature
Control
AS-16
AS-17
AS-18

8.5
8.3
8.3
8.4
8.3
8.4

NH3
mg/Kg
40
40
40
40
40
40

N04
mg/Kg
40
40
40
40
40
40

Phosphorous
mg/Kg
150
150
150
150
150
150

5.2
5.1
5.4

8.0
8.1
8.0

20-40
20-40
20-40

40
40
40

150
150
150

630
890
1000

6.1
6.0
5.9

7.9
8.0
8.1

20-40
20-40
20-40

40
40
40

150
150
150

930
810
840

6.4
6.4
7.1

8.0
7.9
8.0

20-40
20-40
20-40

40
40
40

150
150
150

760
690
660

6.5
6.5
7.4

7.9
7.8
7.8

20-40
20-40
20-40

40
40
40

150
150
150

970
1100
870

5.0
4.9
5.0

8.2
8.4
8.2

40
40
40

40
40
40

150
150
150

940
800
1400

6.0
7.1
8.4

8.3
8.1
8.3

40
40
40

40
40
40

150
150
150

TPH
mg/Kg
1100
960
1300
1200
1200
1100

W ater
%
5.5
5.1
5.6
6.4
6.8
6.7

1100
820
810

pH

Laboratory total petroleum hydrocarbon analytical results sheets in Appendix D.
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The data suggests that loss of total petroleum hydrocarbons occurred early on in
the experiment. However, a statistical analysis of the data suggests that the observations
may be somewhat clouded. Analysis of total petroleum hydrocarbon loss using the
Kolmogorov-Smimov Two-sample test, a non-parametric analytical method, resulted in
the determination that a statistically significant loss of total petroleum hydrocarbon did
occur in the main body bioreactors. However, this difference did not occur until the 28th
day of the experiment. Further discussion of this result is provided in the section on
statistical analysis (Tables 3-1-2 through 3-1-5).
Temperature Control Reactors

At the end of the experiment, the three control reactors used for the evaluation of
the effects of temperature fluctuations had an average, total petroleum hydrocarbon
concentration of 1,046 mg/Kg. This represented a loss of 97 mg/Kg of petroleum
hydrocarbons from the starting concentrations. This loss is noticeably less than the 440
mg/Kg of total petroleum hydrocarbons lost from the main body bioreactors by the end of
the experiment after 56 days. The magnitude of this loss suggests that the stabilization of
soil temperatures, albeit at a relatively low temperature, had a positive impact on
promoting biodegradation of total petroleum hydrocarbons.
This interpretation is supported by the statistical analysis summarized on Table 31-6 in the statistical analysis section. Using the same non-parametric procedure as was
used for all of the reactors, the total petroleum hydrocarbon concentrations of the soils in
the temperature control reactors were not statistically different than those of the starting
soil total petroleum hydrocarbon concentrations. This is a different result than the main
body soils at the end of the experiment and for the 28th day of the experiment.
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Volatilization Control Reactors
The volatilization control reactors were analyzed for total petroleum hydrocarbon
concentrations on Day 56 o f the experiment. At the conclusion o f the experiment, the
three sterilized soil reactors used as volatilization controls had an average, total
petroleum hydrocarbon concentration of 980 mg/Kg. This represented a decline in total
petroleum hydrocarbon concentration of 163 mg/Kg of petroleum hydrocarbons from the
average starting total petroleum hydrocarbon concentrations.
While this loss is slightly greater than that observed for the temperature control
reactors, it is still much lower than that observed for the main body soil reactors. The
differential of the two losses for the stable temperature reactors and the volatilization
controls was 277 mg/Kg (440 mg/Kg - 163 mg/Kg). The results indicate that the loss of
petroleum hydrocarbons in the reactors with stable temperature occurred to a higher
degree than that which occurred in the cyclical temperature fluctuation control reactors or
the volatilization control reactors.
The statistical analysis summarized on Table 3-1-7 also indicates that there was
no statistically significant difference between the starting soil reactor total petroleum
hydrocarbon concentrations and the concentrations in the volatilization control reactors.
As with the temperature control reactors, this is a different result from the statistical
analyses for the main body reactors at the 28th and 56th day of the experiment. This
would indicate that while there was a loss of total petroleum hydrocarbons from the soil
due to volatilization, the loss represented by the main body reactors is due to another
factor other than volatilization alone.
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Environmental Variables

Several environmental variables were monitored during the experiment. These
included soil nutrient content, moisture, and pH. Overall, there was no major difference
in the environmental variable concentrations from the starting soil concentrations, or
between the various soil reactors including the control reactors.
Nitrogen Content

The ammonia- and nitrate-nitrogen concentration was measured in all of the
reactor soils. This was done upon removal of the soils from the reactors during the
preparation of the samples for analysis at a certified commercial analytical laboratory.
None of the control reactors had measurable concentrations of ammonia or nitrate
nitrogen that differed significantly from the starting concentrations. Ammonia-nitrogen
declined slightly in the main body reactors, to a concentration of approximately 20-40
mg/Kg, consistent with the relatively low observed loss of petroleum hydrocarbon.
Nitrate-nitrogen remained relatively constant at approximately 40 mg/Kg. Nitrogen
deficiency did not appear to be a limiting factor to biodegradation during this experiment.
The measured nitrogen concentrations are shown on Table 3-1-1.
Phosphorous Content

The phosphorous content of the soil in all of the reactors remained unchanged.
The initial relatively high phosphorous content of the ambient soils did not require
additional phosphorous amendment for the biodegradation study. Additionally, the
relatively low total petroleum hydrocarbon concentration loss did not exert a high
stoichiometric demand for phosphorous. Therefore, the initial soil concentrations
remained in excess of 150 mg/Kg.
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Soil p H
The pH of the soil removed from the reactors was determined prior to shipment of
each soil sample to the commercial analytical laboratory for petroleum hydrocarbon
analysis. The measured pH of the soil from each of the reactors varied slightly but did
not exhibit significant changes. The greatest change was a decline of approximately 0.3
pH units at the first sampling interval. The pH generally remained near 8.0 for the
duration of the experiment. Variation in soil pH was not likely to have impacted
microbial degradation of the hydrocarbons. The measured pH levels are shown on Table
3-1-1.
Moisture Content

The moisture content of the soils contained within each of the reactors was
determined at the commercial, off-site analytical laboratory. This analysis was
performed during the sample preparation at the laboratory as a part of the petroleum
hydrocarbon analysis. Initial soil moisture contents ranged from approximately 5.5 to 6.5
% by gravimetric weight and are shown on Table 3-1-1.
The moisture content of the reactors varied slightly over the course of the
experiment. They did not indicate drying of the soils. Although there was a constant
flow o f air, it was relatively slow. Additionally, given the difference in temperature
between the outside air and the soil reactor air, there would be a tendency for moisture to
condense, rather than evaporate. The relative constancy of moisture content in the
reactor soil also suggests that volatilization of JP-8 in the closed reactors at low
temperature is likely to be minimal, given the higher vapor pressure of water, compared
to jet fuel JP-8.
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Analytical Calculation of Hydrocarbon Volatilization Loss
A volatilization control was not successfully conducted for Experiment #2.
Therefore, a comparison of the theoretical calculated volatilization loss of jet fuel JP-8
from soil in the reactors was made with the measured petroleum hydrocarbon measured
as lost from the volatilization controls during Experiment #1. The theoretical loss of
petroleum hydrocarbons was made using an analytical equation described previously
(Kang and Oulman, 1996).
The vapor pressure of jet fuel JP-8 at the temperature o f this experiment (7° C)
was calculated using the Clapeyron equation (Perry and Green, 1984) and the supplied
vapor pressures and respective temperatures noted on the Material Safety Data Sheets
(Exxon, 1999; Mobil 1999). The vapor pressure was reported for 20° and 37.78° C on
these sheets. A diffusion coefficient for JP-8 was used (Shields, 1989). The resulting
vapor pressure value calculated at 7° C, was 0.0042 kmol/M2/day (Appendix B).
The initial petroleum hydrocarbon concentration of 1,143 mg/Kg was used as the
starting hydrocarbon concentration and was assumed to have an average molecular
weight of 180 gram-moles, as referenced on the MSDS. Additional parameters mirrored
the rate of air to the soil in the reactor, the average cross-sectional area of the reactor, and
soil porosity. The volatilization loss of JP-8 at 7° C over the duration of the experiment
was calculated and is presented on Figure 3-1-2.
The theoretical loss of JP-8 over the course o f the 56 days of the experiment was
relatively low. The overall theoretical daily loss of petroleum hydrocarbons resulted in a
total loss o f approximately 141 mgKg. This value compares closely to the measured
petroleum hydrocarbon loss from the sterilized soil, volatilization controls of 163 mgKg.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Days

Figure 3-1-2. Calculated TPH Loss by Volatilization Compared to Measured TPH Loss
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The measured loss of petroleum hydrocarbons from the sterilized soil,
volatilization controls, probably reflects the approximate loss of petroleum hydrocarbons
through that mechanism. Therefore, the statistical difference in petroleum hydrocarbon
concentrations between the stable temperature, main body soil bioreactors and the two
control sets is likely due to a mechanism other than volatilization.
This result also suggests that the equation can be used to approximately predict
volatilization of petroleum hydrocarbons from soil. As a consequence, it can be used as
an approximate, volatilization control surrogate in Experiment #2.

Microbial Respiration
Carbon dioxide in effluent reactor soil gas was monitored for evidence of
microbial activity. During the course of the experiment carbon dioxide was measured
from the reactors that were held at a stable temperature and the control reactors.
Measured carbon dioxide concentrations were adjusted by subtracting the measured
background carbon dioxide concentrations.
After subtraction of atmospheric, background carbon dioxide, carbon dioxide in
excess of background concentrations was not noted for the temperature control reactors,
or from the volatilization control reactors. However, the stable temperature reactors all
had measured carbon dioxide in excess of background concentrations in the reactor
effluent gas. These concentrations were plotted and are presented on Figure 3-1-3.
The carbon dioxide evolved, while most likely due to the biotic processes could
also be the result of abiotic processes. Therefore, a simple mass balance was performed
on the measured carbon dioxide evolved from the reactors. The carbon mass in the
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o

Time Since Start of Experiment (Days)

Figure 3-1-3. Carbon Dioxide Evolution

..

carbon dioxide evolved was then compared to the expected concentration from biological
removal of the measured total petroleum hydrocarbons.
The carbon dioxide concentrations used in the mass balance were only those
concentrations that were in excess of the measured background concentrations.
Additionally, the carbon dioxide that was evolved and assumed to be resulting from
consumption of petroleum hydrocarbon was taken as the carbon dioxide evolved on the
rising portion of the carbon dioxide curve on Figure 3-1-3. The generation o f carbon
dioxide during this phase for batch reactors is considered to be contributing to microbial
growth (Metcalf and Eddy, 1991a).
There were three periods on this curve where carbon dioxide emission exhibited
such patterns. These were from Day 0 to Day 12, Day 16 to Day 19, and Day 27 to Day
30. The carbon dioxide concentrations were either measured for those days, or were
interpolated from the plotted data. The data was then converted from parts per million to
milligrams per liter using (Kassem and Nannipieri, 1995a). The daily production of
carbon dioxide was then determined by multiplying that concentration by the daily
quantity of air flowing through the reactors (8.65 liters).
The average daily mass of carbon dioxide produced is shown on Figure 3-1-4.
There were three growth cycles observed, with the largest one occurring between the start
of the experiment and the 8th day. The growth of microorganisms, as inferred by
evolution of carbon dioxide, appeared to be exponential. Figure 3-1-5 shows an
exponential curve for the evolution of carbon dioxide between the 2nd and 8th day of the
experiment. It should be noted that Figure 3-1-3 shows carbon dioxide evolution at a
higher rate for two samples up to the 12th day of the experiment. However, Figure 3-1-4
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Figure 3-1-4. Average Daily Carbon Dioxide Produced
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Time Since Start of Experiment (Days)

CO

shows the average carbon dioxide mass produced which is taken as peaking around the
8th day of the experiment.
Figure 3-1-5 resulted in an equation for an exponential curve that had an R2
value of 0.994. The production of carbon dioxide during the main growth phase and
during the two lesser phases from the 16th day to the 19th day and from the 27th day to the
30lh day of the experiment was used to calculate carbon dioxide produced. Roughly 425
milligrams of carbon dioxide was calculated as having been evolved during microbial
growth cycles. Representative calculations are provided in Appendix C.
The measured loss of JP-8 hydrocarbon at the end of the experiment was 277
milligrams (mg) after allowing for volatilization. Since petroleum hydrocarbons are
85 % carbon (Shuler and Kargi, 1999e), 235 mg of carbon was measured to have been
lost during this experiment. A typical value for microbial use of carbon substrate allows
for half of the substrate carbon to be incorporated into cell mass and the remaining half to
be respired in carbon dioxide (Metcalf and Eddy, 1991b). Approximately 117 mg of this
carbon should be represented by carbon dioxide. Since the molecular weight of carbon is
12 compared to 44 for carbon dioxide, dividing this value by 0.2727 results in the carbon
dioxide mass attributable to petroleum hydrocarbon. The calculated value is 431 mg.
Since a total of 425 mg was measured, the measured carbon dioxide could account for
biotic loss of the petroleum hydrocarbon. Calculations are provided in Appendix C.

Naturally Occurring Organic Carbon

The relatively close match of carbon dioxide mass loss to petroleum hydrocarbon
loss suggests that there is minimal, if any, contribution from ambient total organic
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carbon. It is possible, however, that the uptake of carbon substrate to cell mass could be
higher than the typically estimated value of 0.5. It that case, the mass of carbon dioxide
emitted would be lower for a given mass of petroleum hydrocarbon consumed. Also, it is
possible that the measured carbon dioxide is due to both the degraded petroleum
hydrocarbon and another carbon source, specifically, any naturally occurring, total
organic carbon in the soil.
The literature review indicated that the cold, desert soils of Antarctica have very
low levels of naturally occurring, organic carbon as measured by total organic carbon.
Background soil samples collected from the McMurdo Station area, by others (Aislavie,
1998; Wynn-Williams, 1990), show that the background soil total organic carbon content
of the soils is typically less than 1,000 mg/Kg. Additionally, it is not clear how much, of
this organic carbon can be used by microorganisms. Therefore, the close match of
measured carbon dioxide and analyzed petroleum hydrocarbon loss suggests that the
contribution of naturally occurring, organic carbon is negligible.
Nonetheless, it is possible that the ratio of carbon that is taken into the cell mass
can be higher than the typically used ratio of 0.50. It is noted that for cold temperatures,
the amount of carbon substrate taken into the cell is likely to be higher than at a warmer
temperature (Margesin and Schinner, 1994). Therefore, an assumption was made that the
percentage of the carbon taken into the cell was as high as 0.75. At this ratio, the
observed petroleum hydrocarbon loss would generate 215 mg of carbon dioxide. If this
mass of carbon dioxide were subtracted from the 425 mg of carbon dioxide that was
measured, a balance of 210 mg would be left that could be attributed to another organic
carbon source.
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The maximum likely naturally occurring organic carbon was determined by
multiplying the excess 210 milligrams of carbon dioxide by 0.2727 to calculate the
carbon content of the excess carbon dioxide. This resulted in a value of 57 milligrams of
carbon. That value was then multiplied by 4 to account for the 0.75 incorporated into cell
mass. This resulted is a maximum likely mass of 229 mg of naturally occurring organic
carbon (Appendix C).
The maximum value of organic carbon existing in on-site soils is likely to be low.
Even if the rate of substrate incorporated into cell mass were high, the measured carbon
dioxide noted and the measured petroleum hydrocarbon loss indicates that the usable,
naturally occurring organic carbon is probably less than 250 mg/Kg. As a result, any
naturally occurring organic carbon is not likely to impact the results of this research.

Statistical Analysis

The relatively small number of samples limited the type of statistical analyses that
could be performed, requiring a non-parametric analysis. The statistical analysis
performed was the Kolmogorov-Smimov Two-Sample Test. This procedure allows a
method of analyzing the results observed in a non-partial manner. An example of the
validity of the method is the apparent result for the main body reactors on the 7th and 14th
days of the experiment. At those times, it appeared that there was a significant difference
from the starting concentrations. However, the statistical analysis revealed otherwise.
Nonetheless, overall, the statistical analysis conducted supports the interpretation
of a significant effect due to stabilization of soil temperatures on jet fuel JP-8 loss. The
results of the statistical analysis are presented and discussed in the following pages.
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Table 3-1-2 summarizes the comparison of the total petroleum hydrocarbon
(TPH) results from the three reactors removed and analyzed on the 7th day of the first
experiment to the TPH concentrations of six samples prepared at the start of the
experiment. The "Yl" set is the Day 7 samples while the "Y2" set is the starting samples.
The samples were ranked and the absolute value of the differences between the sample
set rankings was calculated. Where samples had equal values, they were averaged and
the average value was used. The maximum difference for the Day 7 samples was 7/12.
This value is less than the critical value of 5/6 for comparison of three and six sample
sets, at the 95 % confidence interval. Since the difference is less than the critical value,
the null hypothesis must be accepted and the conclusion drawn that the observations are
from the same population. That is, at Day 7, there does not appear to be any affect on the
soils as a result of incubation.
Table 3-1-3 gives the results of the comparison of the soil TPH results from the
reactors opened and analyzed on the 14th day of the experiment to the TPH
concentrations of the starting soils. Again, the "Yl" set is the Day 14 reactors while the
"Y2" set is the starting soil samples. The maximum difference "D" was calculated to be
5/6. This value is equal to the critical value of 5/6 at the 95 % confidence level.
Therefore, there is ambiguity as to whether there is a difference in sample observations.
However, at the 90 % confidence interval, the critical value is 2/3. At that confidence
interval, the observations could be assumed to be from different populations with the null
hypothesis being rejected. Nonetheless, for this experiment, the observations were
assumed to be from the same population, with the null hypothesis being accepted.
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Table 3-1-2
Experiment #1 Statistics Summary
Comparison of bioreactor TPH at Day 7, and initial TPH at Day 0.

Y l Day 7
810
820

1100

Fn (Y l)
1/3
2/3

3/3

Y2 Day 0 Fn (Y2)

960
1100
1100
1200
1200
1300

1/6
5/12
5/12
9/12
9/12
6/6

[ Fn (Y l) - Fn (Y2) 1
[1/3-0]
[2/3 - 01
[2/3 - 1/61

Difference
1/3
2/3
3/6

[3/3-5/121

7/12 = D

[3/3 - 9/121
[3/3 - 6/61

3/12
0

Largest difference between sample sets "D" is 7/12.
For two sets of 3 and 6 samples each, critical value is 5/6 at 95 % confidence interval.*
Since D = 7/12 < 5/6, the null hypothesis is accepted and the observations are from the
same population.
* Page 622, Table A.23B.
Y l = D ay7 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Y l) = Fraction of total represented by observation.
Fn (Y2) = Fraction o f total represented by observation.
[ Fn (Y l) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, NY, 1980.
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Table 3-1-3
Experiment #1 Statistics Summary
Comparison of bioreactors TPH at Day 14 with initial TPH at Day 0.

Y l Dayl4
630
890

Fn (Yl)
1/3
2/3

Y2 Day 0

960
1000

Fn (Y2)

1/6

3/3
1100
1100
1200
1200
1300

[Fn(Y10 - Fn(Y2)l
ri/3 - oi
[2/3 - 0]
[2/3 - 1/61
[3/3 - 1/61

Difference
1/3
2/3
7/12
5/6 = D

5/12

[3/3-5/121

7/12

9/12
6/6

[3/3-9/121
T3/3 - 6/61

3/12
0

The largest difference between sample sets "D" is 5/6.
For two sets of 3 and 6 samples, critical value is 5/6 at 95 % confidence interval.*
Since D = 5/5 = 5/6, the null hypothesis is accepted and the observations are from the
same population.
* Page 622, Table A.23B.
Y l = Day 14 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Yl) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Yl) - Fn (Y2) ] = Absolute value of the difference between fractions.
Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, NY, 1980.
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Table 3-1-4 reflects the statistical comparison of the reactors analyzed on the 28th
day of the experiment with the starting soil TPH concentrations. The "Yl" set is the Day
28 observations. Looking at the ranking of the two sets of observations shows that there
in no intermingling of the rankings as was the case for the comparisons at Day 7 and Day
14. This suggests that the two sets of observations might not be similar. The maximum
difference "D" calculated for this comparison is 1.0. This value is larger than the critical
value of 5/6 at the 95 % confidence interval. As a result, the null hypothesis must be
rejected. Therefore, the conclusion drawn from this comparison is that the observations
are from two different populations. This suggests that at Day 28 there is an effect on the
soil TPH concentrations that might be attributed to biodegradation. The difference could
also be due to other factors such as volatilization. This possible effect is discussed in a
subsequent paragraph of this section.
Table 3-1-5 compares the reactor soil TPH concentrations from the three reactors
removed and analyzed at Day 56 of the experiment with the TPH concentrations of the
six soil samples at the start o f the experiment. The "Yl" set is the Day 56 observations.
As with the Day 28 comparison, the two sets of observations rank at two distinct ends of
the ranking column. The maximum difference "D" was also calculated as 1. Since this is
above the critical value of 5/6 for sample sets of three and six observations, the null
hypothesis must be rejected and the conclusion drawn that the observations are from two
separate populations. The consistency of the null hypothesis acceptance for the first two
experiments intervals and rejection for the last two experiment intervals also suggests that
these two populations appear to have been the result o f incubation of the reactors over
time.
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Table 3-1-4
Experiment #1 Statistics Summary
Comparison of bioreactors TPH at Day 28 with initial TPH at Day 0.

Y l Day 28
810
840
930

Fn (Y l)
1/3
2/3
3/3

Y2 Day 0

960
1100
1100
1200
1200
1300

Fn (Y2)

1/6

[ Fn (Y l) - Fn (Y2) 1
[1/3-01
[2/3 - 01
[3/3 - 01
[3/3 - 1/61

Difference
1/3
2/3
3/3 = D
5/6

5/12

[3/3 - 5/121

7/12

9/12
6/6

[3/3 - 9/121
[3/3 - 6/61

3/12
0

Largest difference "D" between sample sets is 3/3 = 1.
For two sets of 3 and 6 samples each, critical value is 5/6 at 95 % confidence interval.*
Since D = 1 > 5/6, the null hypothesis is rejected and the observations are from two
separate populations.
* Page 622, Table A.23B.
Y l = Day 28 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Yl) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Y l) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, NY, 1980.
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Table 3-1-5
Experiment #1 Statistics Summary
Comparison of bioreactors TPH at Day 56 with initial TPH at Day 0.

Yl Day 56
660
690
760

Fn (Yl)
1/3
2/3
3/3

Y2 Day 0 Fn (Y2)

960
1100
1100
1200
1200
1300

1/6

[Fn(Y10 - Fn(Y2)l
[1/3-0]
[2/3 - 0]
[3/3 - 0]
[3/3 - 1/6]

Difference
1/3
2/3
3/3 = D
5/6

5/12

[3/3 - 5/6]

7/12

9/12
6/6

[3/3-9/12]
[3/3 - 6/6]

1/3
0

The largest difference "D" between sample sets is 3/3 = 1.
For two sets of 3 and 6 samples, critical value is 5/6 at 95 % confidence interval.*
Since D = 1 > 5/6, the null hypothesis is rejected and the observations are from two
separate populations.
* Page 622, Table A.23B.
Yl = Day 56 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Yl) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Yl) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, NY, 1980.
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A comparison of the temperature cycling control results at the end of the
experiment with the starting soil TPH is shown in Table 3-1-6. The ranking resulted in a
calculated maximum difference " D " of 2/3. Since the "critical value" is 5/6, " D " is
greater than this value and the null hypothesis should be accepted. The observations
from the two sample sets are from the same population. The temperature cycling control
reactors and the main body biodegradation reactors received the same treatments except
for stable temperature. Therefore, the rejection of the null hypothesis for the Day 28 and
Day 56 biodegradation reactors and the acceptance of the null hypothesis for the cyclical
temperature control reactors at Day 56 suggests that that there was an effect on the loss of
TPH. This effect appears to be related to stable temperature of the main biodegradation
reactors compared to the fluctuating temperatures of the control reactors.
Table 3-1-7 shows a comparison of the set of observations for the volatilization
control reactors was taken at the end of the experiment (Day 56) and compared to the
concentrations of the starting soil samples. The volatilization control observations are
shown in column "Yl". The calculated difference resulted in a maximum" D " of 7/12.
Comparing this value to the "critical value" of 5/6 indicates that the null hypothesis
should be accepted. Therefore, the observations from the two sample sets are derived
from the same population. Since the null hypothesis is accepted for this set of
observations at Day 56, while it is rejected for the Day 28 and Day 56 observations, the
effect that caused rejection of the null hypothesis for the Day 28 and Day 56
biodegradation samples was not due to volatilization.
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Table 3-1-6
Experiment #1 Statistics Summary
Comparison of cyclical temperature control reactors TPH at Day 56 with initial
TPH at Day 0.

Y2 Day 0 Fn (Y2)

ri/3-oi
960
1100
1100
1200
1200
1300

1400

3/3

[FnfYlO - Fn(Y2)l

Difference
1/3
3/6

5/12

[2/3 - 5/121

3/12

9/12
6/6

[2/3 - 9/121
[2/3 - 6/6]
[3/3 - 6/6]

1/12
1/3
0

II

1/6

[2/3 - 01
[2/3 - 1/6]

O

Fn (Yl)
1/3
2/3

U»

Yl Day 56
800
940

The largest difference "D" between sample sets is 2/3.
For two sets of 3 and 6 samples, critical value is 5/6 at 95 % confidence interval.*
Since D = 2/3 < 5/6, the null hypothesis is accepted and the observations are from the
same populations.
* Page 622, Table A.23B.
Yl = Day 56 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Yl) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Yl) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, NY, 1980.
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Table 3-1-7
Experiment #1 Statistics Summary

Comparison of volatilization control reactors TPH at Day 56 with Day 0 TPH.

Y l Day 56
870

Fn (Yl)
1/3

Y2 Day 0

960
970
1100

Fn (Y2)

1/6

2/3
3/3
1100
1100
1200
1200
1300

f Fn (Y l) - Fn (Y2) 1
ri/3 - oi
n/3 - i/6i
[2/3 - 1/61

Difference
1/3
1/6
3/6

5/12

[3/3 - 5/121

7/12 = D

9/12
6/6

[3/3 - 9/121
[3/3 - 6/61

3/12
0

Largest difference "D" between sample sets is 7/12.
For two sets of 3 and 6 samples each, critical value is 5/6 at 95% confidence interval.*
Since D = 7/12 < 5/6, the null hypothesis is accepted and the observations are from the
same population.
* Page 622, Table A.23B.
Y l = Day 56 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Y l) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Y l) - Fn (Y2) j = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, NY, 1980.
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Experiment #1 Summary
The results of the first experiment show that there is a statistically significant loss
of petroleum hydrocarbons in soils, during the course of the incubation of the bioreactors.
The overall loss of petroleum hydrocarbons was approximately 38 %, from an average
starting concentration of 1,143 mg/Kg to an average ending concentration at Day 56 o f
703 mg/Kg. This loss appears to have been due primarily to microbiological activity, and
to a lesser extent volatilization.
The volatilization control reactors and an analytical model calculation resulted in
petroleum hydrocarbon losses that were 163 and 141 mg/Kg, respectively. After
subtracting the average volatilization control losses, the main body biodegradation
reactors lost an average o f approximately 277 mg/Kg by Day 56 of the experiment for a
non-volatilization loss of approximately 24 %.
During the course of the experiment, carbon dioxide was evolved from the
bioreactors that were treated with nutrients and stable temperature. No carbon dioxide
above atmospheric background concentrations was noted for the control reactors. This
suggests that the differential petroleum hydrocarbon mass was lost due to microbial
activity.
Additionally, the mass of carbon dioxide evolved also appeared to correlate with
the mass of total petroleum hydrocarbon lost assuming that approximately fifty percent of
the carbon substrate was incorporated into cell mass while fifty percent was transferred to
the atmosphere in the form of carbon dioxide. As a result, the major observation from
this experiment is that stabilization of temperature has a positive effect on the biotic loss
of total petroleum hydrocarbons.
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The main body bioreactors exhibited a statistically significant difference from the
starting soil, total petroleum hydrocarbon concentrations by the 28th and 56th days o f the
experiment. The control reactors with daily, cyclical, temperature fluctuations did not
exhibit a statistically significant different soil total petroleum hydrocarbon concentration
than the starting soil concentrations. The same observation was true for the volatilization
control (sterilized soil) reactors. Therefore, the results of the first experiment support the
hypothesis of this dissertation.
An additional finding of this research is that the analytical equation that the mass
of jet fuel JP-8 that is volatilized can be closely approximated by using a published,
analytical equation (Kang and Oulman, 1996). The calculated loss of petroleum
hydrocarbons from soil under the conditions of incubation closely matched the actual,
observed loss o f JP-8 petroleum hydrocarbons in the volatilization control reactors using
a molecular weight value in the calculations similar to that of JP8.
Lastly, the impact of any naturally occurring total organic matter in the soil that
might be taken up by the microorganisms appears to be minimal. Using the ratio of fifty
percent of the carbon substrate going into cell mass and the remainder into carbon
dioxide, there is no carbon dioxide left to account for use of any naturally occurring total
organic carbon. Even assuming that the microorganisms incorporated up to seventy five
percent of the available carbon substrate, the likely mass of total organic carbon in the
ambient soils appears to be low. If both petroleum hydrocarbons and naturally occurring
total organic carbon were taken into cell mass, at a rate of seventy five percent, the
carbon dioxide evolved would indicate that less than 250 mg/Kg of total organic carbon
is contained in the ambient soils.
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The results of the first experiment also indicated that a second experiment would
be warranted. The first reason for this was to replicate the results of the first experiment.
While there was a statistically significant difference between the main body, stable
temperature bioreactor soils and the starting soil total petroleum hydrocarbon
concentrations, there was some question as to the statistical result from the 14th day to the
28th day. That is, even though the statistical analysis indicated that there was a difference
between these two sampling intervals, the average concentration of the total petroleum
hydrocarbons in the Day 28 soils (860 mg/Kg) was slightly higher than the Day 14
reactor soils (840 mg/Kg).
A second reason was that after allowing for volatilization, the overall reduction of
total petroleum hydrocarbon concentration by the end of the experiment was only
approximately 24 % of the starting concentration. This may have been due to the
relatively low starting total petroleum hydrocarbon concentration. The drum soil
chromatogram indicated that a large fraction of the starting soil, total petroleum
hydrocarbon concentration consisted of a heavier molecular weight hydrocarbon,
probably lubricating or motor oil. Therefore, when the loss of petroleum hydrocarbon is
evaluated against the entire, total petroleum hydrocarbon concentration in the soil the
overall percentage of jet fuel JP-8 loss is muted. Conducting another experiment with
additional JP-8 would reduce the influence of the lubricating oil fraction.
Additional information was also desired on the cause of the loss of the petroleum
hydrocarbons. The results of the volatilization control, and volatilization analytical
calculations, indicated that volatilization of the petroleum hydrocarbons could not
account the petroleum hydrocarbon, that was measured as lost. Also, the carbon dioxide
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that was evolved suggested that biological activity was probably a contributor to the
observed loss. However, there was no direct measurement of microbial growth during
the course of the experiment. Therefore, a second experiment should be conducted with
the soils being checked for microbial growth. The growth would be checked, by
culturing the reactor soil microorganisms with a single, known, carbon substrate (JP-8).
An additional check on petroleum hydrocarbon loss should be investigated by
obtaining at least selected, representative chromatograms of the total petroleum
hydrocarbons in the bioreactor soils. Although there did not appear to be significant,
biodegradable, background total organic carbon, and the volatilization evaluation did not
account for all petroleum hydrocarbon lost, more definitive information on the loss of JP8 was desired. This first experiment employed, with the exception of the drum soil
analyses, results that consisted on only the total petroleum hydrocarbon concentrations.
As a result, verification of specific loss of indicator JP-8 hydrocarbon compounds could
not be made.
Lastly, two factors are likely to influence the rate of hydrocarbon loss in an
engineered remedial effort when significantly high concentrations of total petroleum
hydrocarbons are involved. Although low levels of nutrients and moisture might not
affect the biotic loss of low concentrations of hydrocarbons, low levels of these variables
are likely to affect the rate of biotic loss of larger concentrations o f hydrocarbons.
Therefore, an experiment with controls that could evaluate the effects o f lack of
additional nutrients, and minimal water should be included.
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Results and Discussion Experiment #2
The results and discussion of the second biodegradation experiment are provided
in the following sections. A summary of the results from Experiment #2 is presented on
Table 3-2-1 and Figure 3-2-1. The table shows the total petroleum hydrocarbon
concentrations of the individual reactors at the start of the experiment; at each of the three
sampling intervals for the main body of the biodegradation experiment reactors; and three
sets of controls. A volatilization control was not successfully completed for this
experiment; however, analytical calculations of estimated volatilization losses were
performed.
A decrease in the total petroleum hydrocarbon concentrations from the initial
concentrations was noted for the soils withdrawn from all of the experimental reactors.
However, the degree of petroleum hydrocarbon loss was significantly different from the
main body soil bioreactors and the control reactors. A much lower decline in petroleum
hydrocarbon concentrations was noted for the reactors that were incubated with cyclical,
fluctuating temperatures, than the stable temperature bioreactors.
The loss in petroleum hydrocarbons from the reactors designated as "water only"
and "nutrient only" controls was also significantly less than that of the main group of
reactors used for the biodegradation experiment. However, the reduction in total
petroleum hydrocarbon concentrations was greater than that for the temperature control
reactors. Also, while a volatilization control was not performed, the total petroleum
hydrocarbon loss from these controls was greater than the theoretical, calculated
volatilization loss using an analytical procedure verified from Experiment #1.

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3-2-1
Experiment #2 Data Summary
Sample
TPH
Water pH NH3
N 04
Phosphorous
mg/Kg %
Day 0
mg/Kg mg/Kg mg/Kg
CS-2
13000
6.8
8.5 375
375
150
C2-4
12000
7.0
8.6 375
375
150
CS-3
15000
6.8
8.6 375
375
150
C2-5
12000
6.0
8.7 375
375
150
Day 18
AS2-6
7200
6.0
7.1 5-10
375
150
AS2-1
7.2 5-10
7900
5.0
375
150
AS2-2
8100
6.0
7.5 5-10
375
150
AS2-5
8400
6.0
7.8 5-10
375
150
AS2-4
8500
7.0
7.6 5-10
375
150
Day 50
AS2-10
7300
6.0
6.7 5-10
375
150
AS2-11
7600
6.0
6.8 5-10
375
150
AS2-7
7800
5.0
7.1 5-10
375
150
AS2-9
8000
6.0
7.1 5-10
375
150
AS2-12
8100
6.0
7.0 5-10
375
150
Day 100
ASF-5
6500
7.3
6.6 5-10
375
150
ASF-2
7600
6.7
6.8 5-10
375
150
ASF-3
7800
6.8
6.8 5-10
375
150
ASF-6
8000
8.3
6.9 5-10
375
150
ASF-1
8500
4.6
7.0 5-10
375
150
Temperature
Control
FT-3
11000 7.0
8.4 375
375
150
FT-1
13000 6.6
8.6 375
375
150
FT-2
14000 9.2
8.6 375
375
150
Water Only
Control
ASW-1
11000 6.7
8.2 ND
ND
150
ASW-2
11000 4.5
8.3 ND
ND
150
ASW-3
12000 6.5
8.2 ND
ND
150
Nutrients Only
Control
ASN-1
10000 3.0
8.5 375
375
150
ASN-3
10000 3.0
8.3 375
375
150
ASN-2
13000
1.9
8.7 375
375
150
Total petroleum hydrocarbon analytical sheets are in Appendix D.
Water only control began with non-detect (ND) ammonia and nitrate nitrogen.
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Figure 3-2-1. Total Petroleum Hydrocarbon Concentrations
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Total Petroleum Hydrocarbon Concentrations
Main Body Bioreactors

The loss in total petroleum hydrocarbons for the main body of reactors occurred
relatively quickly, with the bulk of the petroleum hydrocarbon loss occurring by the 18th
day of the experiment. Approximately 38 % of the starting total petroleum hydrocarbon
concentrations were removed by the 18th day of the experiment, from an average of
13,000 mg/Kg from 4 starting soil reactors, to an average of 8,020 mg/Kg for 5 soil
bioreactors at Day 18.
Minimal additional total petroleum hydrocarbon reduction was observed for the
balance of the experiment with the measured average total petroleum hydrocarbon (TPH)
concentration of 7,760 mg/Kg being noted by the 50th day, for a loss of approximately
40 %. There was an additional, average loss of only approximately 260 mg/Kg after an
additional 32 days. The final, average concentration at the end of the experiment (Day
100) was essentially unchanged in the last 50 days with a measured average
concentration of 7,680 mg/Kg, for a total loss of 41 %, indicating that total petroleum
hydrocarbon losses were limited to the early phase of the experiment.
The loss of petroleum hydrocarbons was a statistically significant change from the
starting petroleum hydrocarbon concentrations. A non-parametric statistical procedure
(Kolmogorov-Smimov Two-Sample Test) was followed to analyze the loss of the
hydrocarbons in each of the sets. In contrast to the results for Experiment #1, the
difference was noted early on in the experiment, and there was a marked decline in total
petroleum hydrocarbon concentrations. This result was similar for all three of the main
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body, bioreactor sample sets (Day 18, Day 50, and Day 100). Additional discussion of
this result is provided a subsequent section on statistical analysis of the analytical data.
Although a volatilization control was not conducted for Experiment #2, the
expected loss of JP-8 was calculated using an equation that had been validated using the
results from the Experiment #1 volatilization control set. The measured loss of total
petroleum hydrocarbons from Experiment #2 main body soil bioreactors was far greater
than the calculated volatilization losses (5,320 mg/Kg compared to 675 mg/Kg) for 100
days of the experiment. Therefore, this loss was likely due to a mechanism other than
volatilization.
Total petroleum hydrocarbon chromatograms were obtained for selected,
representative soil samples. Review of the chromatograms also suggests that, the loss of
total petroleum hydrocarbon was likely a function of biotic processes. The majority of
the chromatogram peak reduction occurred by the 18th day. Additionally, the relative
percentage reduction of peak response was non-uniform. That is, while the greatest loss
occurred at the lower carbon number compounds, a similarly high loss occurred at higher
carbon number compounds with lesser losses at intermediate carbon number compounds.
If volatilization had been the major cause of hydrocarbon loss, the reduction in peak
response would be expected to decrease proportionally with the higher carbon number
compounds. Additional discussion of the chromatograms is provided in a subsequent
section of this dissertation.
Also of significance, there was clear evidence of microbiological activity during
the course of the experiment. As with the first experiment, there was evolution of carbon
dioxide. However, the magnitude of the carbon dioxide evolution was much greater than
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that for Experiment #1. This is likely due to the addition of fresh jet fuel JP-8. Also,
given the mass balance results and the relatively low carbon dioxide evolution noted in
Experiment #1, the carbon dioxide from this experiment is not likely to be due to
naturally occurring, background organic carbon. Additional results and discussion of soil
respiration is provided later in this section.
Other support for microbiological activity being the likely primary cause of JP-8
loss during this experiment is the growth of microorganisms from soils extracted during
each of the sampling intervals. Extracts of these soils were cultured using JP-8 as the
sole carbon substrate. There was a noted increased in the number of microorganisms for
the 18th and 50th days of the experiment when hydrocarbon loss and respiration were
noted to be the greatest. This supports the interpretation that the loss of added JP-8 is due
to biotic uptake. Additional discussion of these results is provided further in this section.
Temperature Fluctuation Control

The main hypothesis of this research is that frequent temperature fluctuations,
above and below freezing, are responsible for inhibiting biodegradation losses of
petroleum hydrocarbons in Antarctic soil. The results of total petroleum hydrocarbon
concentration analyses from the main body of soil reactors compared to the cyclical,
fluctuating temperature control reactors indicate that temperature stability appeared to
have had a positive effect on the biodegradation of petroleum hydrocarbons.
While the main body reactors all resulted in significant total petroleum
hydrocarbon losses, the temperature control reactors did not. The final, average, total
petroleum hydrocarbon concentration for the three temperature fluctuation controls, at the
end of 100 days averaged 12,667 mg/Kg. This represents a loss of an average 333 mg/Kg
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from the temperature control reactors as compared to an average of 5,320 mg/Kg from
the main body, stable temperature soil bioreactors. The percentage loss of hydrocarbons
from the temperature control reactors was only approximately 2.6 % of the average
starting petroleum hydrocarbon concentration, compared to 41 % for the main body
reactors.
Although a subjective assessment may be made, based upon the relative total
petroleum hydrocarbon concentrations alone, the measured loss of petroleum
hydrocarbons from the temperature control reactors was not statistically significant
according to the results of the Kolmolgorov-Smimov Two-Sample test. The statistical
analysis indicates that the soils from the temperature control reactors are similar to the
soil from the starting soil reactors. Therefore, given the relatively low loss of total
petroleum hydrocarbons from the temperature control reactors, it appears that frequent,
fluctuating temperatures had a significant negative effect on the biotic and abiotic loss of
total petroleum hydrocarbons.
The cyclical, fluctuating temperatures from below to above freezing appeared to
inhibit microbial activity. There did not appear to be any microbial activity as evidenced
by respiration associated with these reactors. As with all of the controls, one reactor of
each three was analyzed for carbon dioxide at each scheduled monitoring event. For all
of the carbon dioxide measurements, there was no indication of carbon dioxide emissions
in the gas collection trap above the background atmospheric concentrations. The lack of
carbon dioxide increase indicates that significant microbial activity was inhibited by the
daily temperature fluctuations.
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The loss of total petroleum hydrocarbons that was measured was likely due to
volatilization. Although there was no volatilization control carried through Experiment
#2, an estimated volatilization loss of JP-8 was made using the volatilization equation.
The measured, average loss o f total petroleum hydrocarbons (333 mg/Kg) was somewhat
less than the theoretically calculated volatilization loss o f approximately 675 mg/Kg.
This may reflect the sensitivity of the equation to molecular weight input.
However, while volatilization is the likely explanation for JP-8 loss from the
temperature control reactors, the relatively low average loss o f total petroleum
hydrocarbons does provide additional support that volatilization is not likely a major
factor in the observed loss of total petroleum hydrocarbon in this experiment. That is, the
average 333 mg/Kg measured as being lost from the temperature control reactors is close
to the 675 mg/Kg of JP-8 that was calculated to be lost using the volatilization equation.
The closeness o f the calculated and measured total petroleum hydrocarbon losses also
provides additional validation of the applicability of the analytical equation used to
predict volatilization losses.
Although a volatilization control, using sterilized soil, was not performed in
Experiment #2, in effect, the temperature control, reactors served as de facto
volatilization control. The effects of frequent cycles of freezing and thawing inhibited
microbial activity. The only difference between a possible sterile soil control and the
freeze/thaw temperature controls is that the inhibition may be temporary so long as the
freeze/thaw cycles are ongoing. After the freeze/thaw cycling stops, microbial activity
may resume. If a stable soil temperature above freezing can be realized, this natural,
temporary "sterilization" effect can be eliminated.
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Volatilization "Control"
During the course o f the second experiment, a valid volatilization control was not
completed. Since volatilization loss of petroleum hydrocarbon can be a significant
fraction of any measured petroleum hydrocarbon loss, it must be accounted for. An
alternative method of estimating the petroleum hydrocarbons lost through volatilization is
to calculate the estimated loss based upon key variables including temperature, petroleum
hydrocarbon concentration, petroleum hydrocarbon physical properties, and rate of air
flowing through the reactors.
Using the vapor pressure for jet fuel JP-8 at 7° C, and the volatilization analytical
equation, the predicted volatilization loss of petroleum hydrocarbons was calculated for a
period of 100 days at intervals of one day. The vapor pressure of JP-8 at 7° C is 0.0042
kmol/M2/Day as previously calculated (Appendix B). The initial mass of petroleum
hydrocarbons used for the calculation was the same as the initial, starting, average
stoichiometric mass, 13,000 milligrams per kilogram (mg/Kg). Based upon the
volatilization control results and the comparative analytical calculations for volatilization
losses from the first experiment, this approach was deemed to be a satisfactory surrogate
for estimating volatilization losses in the second experiment.
A further conservative factor is that a portion of the petroleum hydrocarbon used
in this research consisted of a heavier, less volatile hydrocarbon. Representative
chromatograms of the hydrocarbon in soils, presented in a subsequent section, show that
a portion of the hydrocarbon mass consisted of what is classified as lubricating oil. That
fraction of the petroleum hydrocarbon contains higher numbers of carbon atoms are not
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very volatile. Thus, not all of the 13,000 mg/Kg total petroleum hydrocarbon mass has a
vapor pressure as high as used in these volatilization calculations.
Other input parameters included an estimated soil porosity of 0.40, and a diffusion
coefficient for JP-8 of 0.4 meter squared (m2). The representative molecular weight for
jet fuel JP-8 is approximately 180 grams per mole. The Ideal Gas Law constant was 82
*7

atmospheres - meter squared per kilomole - degree Kelvin (atm-m“/Kmole-°K). The
atmospheric pressure was taken as 1 atmosphere or 760 millimeters of mercury (mm Hg)
(Shields, 1989).
The predicted loss rate of jet fuel JP-8 over a period of 100 days is shown on
Figure 3-2-2. A table of the daily, calculated values is shown in Appendix B.
Representative calculations are also enclosed in the Appendix B. The calculated mass
loss of JP-8 using the analytical model was approximately 450 milligrams by the 50lh day
of the calculations. Beyond that time, the rate of loss becomes asymptotic. For the
whole duration of the experiment, the calculated loss was less than 675 milligrams. This
loss of JP-8 represents a relatively small fraction of the total petroleum hydrocarbon
concentration measured as lost during the experiment. The results of this model clearly
show that the rate of loss through volatilization is relatively low and declines rapidly after
the first several days.
It should be noted that during the conduct of the second experiment run at a
starting concentration of 13,000 mg/Kg, the bulk of the hydrocarbon loss occurred by the
18th day while no significant additional loss was noted after the 50th day. Therefore, this
suggests that the analytical model will over-predict the degree of petroleum hydrocarbon
loss through volatilization.
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Figure 3-2*2. Calculated TPH Loss by Volatilization Compared to Measured TPH Loss
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As a result, the fraction of petroleum hydrocarbons assumed to be lost through
volatilization in this experiment is considered to be conservatively, estimated on the high
side. This conclusion is matched by the comparative results of the first experiment where
a volatilization control was carried through the experiment.
Water Only Control

The "water only" control set exhibited a modest decline in total petroleum
hydrocarbon concentrations from the starting soil reactors average concentration of
13,000 mg/Kg to 11,333 mg/Kg after 100 days. This decline resulted in a decline in
concentration of 1,667 mg/Kg of total petroleum hydrocarbons, for a loss of 12.8%. This
loss is greater than that observed for the temperature control reactors and the theoretical
loss calculated using the volatilization equation. The increase in total petroleum
hydrocarbon loss above that observed for volatilization indicates that some
biodegradation of petroleum hydrocarbons is occurring without the benefit of additional
nutrients.
However, a statistical analysis of this decrease indicates that this decline is
probably, not significant, or at least, is inconclusive. That is, while the decrease in
measured total petroleum hydrocarbons is greater than that calculated for volatilization,
and observed to have been volatilized from the cyclical temperature control, it could not
be determined whether the soils were from the same or different populations than the
starting soils. The critical difference calculated for the soils was similar to the critical
value using the Kolmogorov-Smimov Two-Sample, non-parametric test.
If the value of the assumed volatilization loss noted in the temperature control or
analytical calculations were added to the concentration of the water only control, the
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ranking o f the observations would be changed slightly. In that case, the water only
controls would be considered to be similar to the starting soils.
A review of carbon dioxide evolution data and the chromatogram for the water
only control suggests that some biodegradation did occur. Carbon dioxide was evolved
from the water only control. The evolved concentrations were detected at concentrations
above background. Although carbon dioxide was intermittent, and at a lower
concentration than the main body soil reactors, it does signify microbial activity. Also,
review of the representative chromatogram for the water only control indicates that there
was some loss of heavier weight hydrocarbon molecules. Additional discussions of these
results are provided in subsequent paragraphs of this section.
A conclusion that might be drawn from this observation is that water alone is
insufficient to provide significant, rapid loss of petroleum hydrocarbon, especially at
relatively high starting concentrations. The increased loss of petroleum hydrocarbons in
the water only controls compared to the temperature controls and analytical results,
however, suggests that at least some microbiological activity is occurring. However, due
to insufficient nutrients, the maximum rate of metabolism probably could not be realized.
Nonetheless, stabilization of soil temperature above freezing, even at a relatively
low temperature, appears to promote biotic loss of petroleum hydrocarbons even without
the addition of nutrients. The evolution of carbon dioxide suggests that even if a growth
phase does not occur, microorganisms may still use some level of the carbon substrate for
cell maintenance activities. Even in the absence of additional nutrients, the existing cell
nutrients can be recycled to process the necessary carbon for cell maintenance.
Alternatively some carbon may be assimilated without production of new cells.
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Nutrients Only Control
The "nutrients only" also showed a modest decrease in total petroleum
hydrocarbon concentrations, declining from an initial average concentration of 13,000
mg/Kg to 11,000 mg/Kg. This decline resulted in decline in concentration of 2,000
mg/Kg of total petroleum hydrocarbons, for a loss of 15.4 %. This loss is greater than
that observed for the temperature control reactors and the theoretical loss calculated using
the volatilization equation. The increase in total petroleum hydrocarbon loss above that
observed for volatilization indicates that some biodegradation of petroleum hydrocarbons
is occurring without the benefit of additional nutrients.
However, while the overall average loss for the nutrients only control is slightly
greater than that for the water only control, a statistical analysis of this observed decrease
also indicates that this decrease is statistically, insignificant. This result was stronger
than the water only control since the observation ranking maximum difference resulted in
a value lower than the critical value even without adding back in assumed volatilization
losses.
Review of carbon dioxide data and the chromatogram for the nutrients only
control shown subsequently, suggests that some biodegradation did occur. Carbon
dioxide was evolved from the nutrients only control. The evolved concentrations were
detected at concentrations above background. Although carbon dioxide was intermittent,
and at a lower concentration than the main body soil reactors, it does signify microbial
activity. Also, review o f the representative chromatogram for the water only control
indicates that there was some loss of heavier weight hydrocarbon molecules. Additional
discussions of these results are provided in subsequent paragraphs of this section.
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A conclusion can be drawn for "nutrients only" that is somewhat similar to "water
only" control. It appears that the addition of nutrients alone is insufficient to provide
significant loss of petroleum hydrocarbon, especially at relatively high starting
concentrations. Sufficient water in the soil matrix is necessary for the microorganisms to
conduct growth processes. Even with the addition of nutrients similar in concentration to
the main body reactors, they appeared to be of little additional benefit without addition of
water. Due to insufficient moisture, the maximum rate of metabolism cannot be realized.
Although the water only and nutrient only controls did not show levels of
petroleum hydrocarbon concentration decreases equal to the stable temperature, main
body reactors, they did result in some apparent biotic loss of petroleum hydrocarbons.
However, the results support the general view that sufficient water in addition to nutrients
is likely necessary to achieve substantial biodegradation of petroleum hydrocarbons at
relatively rapid rates, when starting at relatively high concentrations.
It should be emphasized that, the cyclical temperature control reactors had both
additional water and nutrients added. The measured loss of total petroleum hydrocarbons
from those reactors was noticeably less than for the water only and nutrients only
controls, which were incubated at a stable temperature of 7° C. Even with nutrient or
water limitations, some microbial activity occurred at the 7° C. Therefore, while
insufficient water and nutrients can inhibit metabolism of petroleum hydrocarbons, that
would not have been the case for the cyclical temperature control. The effect noted for
the cyclical temperature control reactors appears to be due to the frequent, daily changes
in temperature from above to below freezing.
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Experimental Variables
Several other variables were monitored during the course of the experiment.
These include moisture content o f the soil in the reactors, ammonia-nitrogen, nitratenitrogen, total phosphorous, and soil pH. The results of these analyses are provided
below. Overall, there was no major difference in the environmental variable
concentrations from the starting soil concentrations to the ending soil concentrations for
the control reactors. However, there was a significant change in the ammonia-nitrogen
concentrations and soil pH for the main body bioreactors.
Ammonia-N itroeen

Ammonia-nitrogen was noted to have declined by the 18th day in the stable
temperature, main body reactors. Ammonia-nitrogen concentrations in those reactors
declined to between 5 and 10 mg/Kg. The ammonia-nitrogen levels remained at that
concentration throughout the duration of the experiment. However, there did not appear
to be a significant, measurable loss of ammonia-nitrogen from the control reactors.
Ammonia-nitrogen concentrations in those reactors remained at levels near 375 mg/Kg
with no discemable loss. However, due to the sensitivity of the soil analytical methods
used, there may have been some relatively small usage of the available ammonia-nitrogen
from the control reactors.
N itrate-N itrogen

Measured concentrations of nitrate-nitrogen showed no change .‘n concentration
during the entire length of the experiment, remaining near 375 mg/Kg. However, due to
the limitations of the nitrate-nitrogen measurements, it could not be determined whether
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nitrate-concentrations increased over the course o f the experiment. This might possibly
have occurred if ammonia-nitrogen was converted to nitrate-nitrogen.
Phosphorous:

Measured concentrations of total phosphorous showed no change in
concentrations during the experiment, remaining at approximately 150 mg/Kg.
Phosphorous was not a deficient nutrient in the ambient soil. Given that phosphorous is
used in lower concentrations than nitrogen it was not expected to have been depleted to
the extent that nitrogen would be.
Soil p H

The results of soil pH analyses indicated significant changes in measured pH
during the course o f the experiment. The initial pH of the soil at the start of the
experiment was measured in triplicate with an average pH of 8 .6 . The measured pH
value for an average of five samples declined to approximately 7.4 on the 18th day of the
experiment and fell to approximately 6.9 on the 50th day. The final soil pH was
determined to be 6 . 8 on the 100th day. There was minimal variability between soil
sample pH, typically only 0.1 pH units.
Moisture Content

The soil moisture levels appeared to remain at a level that did not impede
biodegradation. The starting water concentration for the reactors, except for the water
effect control, was an average o f 6.65%. For the main body reactors, at the 18th day, the
average moisture content was approximately 6.0 %. The moisture content at the 50th day
averaged 5.8 %. On the 100th day the moisture in the main body reactors was 6.7 %.
Although there is some variation from sample to sample, all o f the main body reactors

184

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

had final moisture contents similar to the starting concentrations. Additional moisture
noted in the reactors, especially at the end o f 100 days may have been due to
condensation from influent air, or the result of metabolic processes.

Petroleum Hydrocarbon Chromatogram Analysis

The observed loss in petroleum hydrocarbon is interpreted as loss of JP- 8 since
the analytical method used, EPA Method 8100 (modified), measured total petroleum
hydrocarbons, and not total organic carbon. The calculations performed, using the
equation for volatilization of petroleum hydrocarbons, indicate that the potential for
petroleum hydrocarbon loss through that mechanism is low. However, there is the
possibility that some of the measured loss of total petroleum hydrocarbons was through
volatilization of the lower weight, more volatile compounds in JP-8 . In order to verify
that the loss of petroleum hydrocarbons measured was not limited to the lower weight
fractions, several chromatograms of the analyzed soil were analyzed.
These chromatograms were reviewed for loss o f specific hydrocarbon
compounds. The loss of individual petroleum hydrocarbon compounds was evaluated in
a semi-quantitative way. That is, the actual mass of each hydrocarbon compound was not
determined. Instead, the relative response generated on the chromatogram for that
compound at the time of measurement was compared to the response for that individual
compound generated on the chromatogram for the starting soil chromatogram. Thus, the
observed loss is reported as a percentage of that compound remaining at the time of the
experiment that the sample was analyzed.
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Chromatogram records were not obtained for all of the samples analyzed for total
petroleum hydrocarbons due to budgetary constraints. However, a total of twelve
chromatograms were generated. These chromatograms provide a representative
assessment of the concentration of various petroleum hydrocarbons in the soil throughout
the experiment. A list of the chromatograms analyzed is shown below.

Total Petroleum Hydrocarbon Chromatograms Reviewed

JP- 8 Standard

I

Background Soil

1

Initial Soil (Day 0)

I

Day 18 Soil

2

Day 50 Soil

2

Day 100 Soil

2

Temperature Control

1

Water Only Control

1

Nutrients Only Control

1

The chromatograms for Days 18, 50, and 100, represent two chromatograms for
five bioreactors sampled. The chromatograms for the controls represent one
chromatogram for three bioreactors. The JP - 8 standard chromatogram (enclosed in the
Methods and Material section, Figure 2-14) represents a laboratory prepared standard
from a sample of JP- 8 used in the experiment to add petroleum hydrocarbon to the
experiment soil. The background chromatograms represents analysis of soil "as
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received" from the drum. The initial soil chromatogram represents soil petroleum
hydrocarbon concentrations of the four soil reactors at the start of the experiment.
Background Soil Chromatogram

In order to assess the components o f the drummed Antarctic soil, a total
petroleum hydrocarbon chromatogram was obtained for that soil. This was done to
establish that the existing soil contamination was primarily JP-8 , as reported, and not
some other petroleum hydrocarbon. Figure 3-2-3 shows the chromatogram for the soil
from the drum.
The soil for this chromatogram contained approximately 3,200 mg/Kg of total
petroleum hydrocarbons. One portion of the pattern of this chromatogram is similar to
that of the JP - 8 standard. The four spikes (Cn through Cu) for the reference compounds
mentioned are clearly visible. Additionally, two compounds on either side (Cio and C 15 )
are also visible and are annotated. This indicates that a portion of the drummed Antarctic
soil consists of JP- 8 hydrocarbon. Additional spikes or peaks, of lower magnitude, are
also present that represent other compounds in the soil that are associated with jet fuel
JP-8 .
However, there is a fraction of heavier weight petroleum product that is also
shown. Beyond the 20 minute retention time on the bottom scale there are two
additional patterns of peaks. These peaks represent an additional petroleum contaminant
in the Antarctic soil that is included in the toti. 1petroleum hydrocarbon concentrations.
The exact identification of these compounds cannot be made. However, the location of
the spikes indicates that the compounds are of higher carbon number and molecular
weight. They most likely represent lubricating oil. It is also likely that the heavier
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carbon compounds at this end of the chromatogram will not be as readily biodegradable
as the compounds in the JP-8 range.
Although the analysis o f this sample resulted in a concentration of 3,200 mg/Kg
of total petroleum hydrocarbons, 1,600 mg/Kg of that total consisted of the heavier
weight hydrocarbon. Therefore, the starting JP-8 concentration in the soil was
approximately 11,400 mg/Kg, although the TPH concentration was 13,000 mg/Kg.
Initial Soil (Day 0) Chromatogram

One chromatogram was obtained for the experiment's starting soil total petroleum
hydrocarbon concentration. This chromatogram is shown on Figure 3-2-4. The pattern
displayed by this chromatogram is very similar to the JP-8 standard chromatogram and
the background soil chromatogram. However, there are slight variations from an exact
match of either due to slightly different formulations of the JP-8. That is, the JP-8 in the
Antarctic soil from McMurdo Station may have been manufactured to a slightly different
specification than the JP-8 used to increase hydrocarbon contamination in the experiment
soil. Also, the JP-8 in the Antarctic soil likely underwent at least some minor
degradation, either through volatilization, biodegradation, and/or photolysis while it was
exposed to the elements. This weathering effect will change the exact relative strength of
each of the compound spikes.
The total petroleum hydrocarbon concentration for this chromatogram is 13,000
mg/Kg, which is also the average of the four samples used for the initial soil
concentration. The dilution value of the sample for chis chromatogram was 1IX. Due to
the elevated, total petroleum hydrocarbon concentrations the soil sample was diluted at
the analytical laboratory by a factor of 11 prior to analysis.
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Day 18 Chromatogram #1
Two chromatograms were obtained from analysis of the bioreactor soil samples
taken at the 18th day of the experiment. The first of these is shown on Figures 3-2-5. The
measured total petroleum hydrocarbon concentration for this sample was 8,500 mg/Kg.
This value was above the average for the five samples taken at the 18th day. However, it
is significantly lower than the 13,000 mg/Kg average starting total petroleum
hydrocarbon concentrations.
Evaluation of the changes in chromatogram response indicates that there was a
loss of petroleum hydrocarbons in the Cio to Ci6 range, as inferred by decline in the
response of the flame ionization detector (FID). This loss was across all of the indicator
n-alkane compounds. The greatest observed decrease in chromatogram response was
noted for the Cio and Cu carbons and also, the C 15 and Ci6 carbons. The interpreted loss
at all of the compounds including those of higher carbon number suggests that a
mechanism other than volatilization is necessary to account for the loss.
This sample was diluted 1IX, similar to the Day 0 sample. Therefore, no
adjustment of the response was necessary. A summary of the comparative responses is
shown below.
Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 18 Response
2.2 E5
4.4 E5
6.4 E5
7.2 E5
6 . 6 E5
3.6 E5
1.5 E5

Percent Remaining
45%
75%
85%
8 8 %
81%
62%
65%
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Day 18 Chromatogram #2
The second chromatogram produced from the batch of reactors sampled on the
18th day is shown on Figure 3-2-6. The pattern produced from this chromatogram is
similar to the first chromatogram. The total petroleum hydrocarbon concentration for this
sample was 8,400 mg/Kg, slightly less than the first sample, but still above the average
for the first five samples analyzed from Day 18.
This chromatogram also indicates that loss o f petroleum hydrocarbons as
indicated by decrease in the FID response occurred for a range of H-alkane compounds.
The widespread reduction in response for even the higher carbon compounds suggests
that the losses are due to biological activity and not solely volatilization of the carbon
compounds. It should be noted that other compounds also appear to be decreasing in FID
response, suggesting that the H-alkanes are not the only compounds being degraded. This
might be expected since the branched alkanes referenced in Table 3-2-1 are not highly
complex.
This sample was diluted 1IX, similar to the Day 0 sample. Therefore, no
adjustment of the response was necessary. A summary of the comparative responses is
shown below.
Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 18 Response
2.1 E5
4.2 E5
6.4 E5
6.8 E5
6.6 E5
3.6 E5
1.5 E5

Percent Remaining
43%
71%
85%
83%
81%
62%
65%
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Retention Time (Minutes)

3 0
lO

20

Figure 3-2-6. Day 18 Reactor Soil C hrom atogram
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Dav 50 Chromatogram #1
Two chromatograms were obtained from the five soil samples analyzed at the 50th
day o f the experiment. The first of these is shown on Figure 3-2-7. As with the two
chromatograms from the 18th day of the experiment, there is a decline in FID response as
shown on the chromatogram for all of the indicator n-alkane compounds. A somewhat
greater decline in response is noted for the Cio and C 12 compounds. The measured total
petroleum hydrocarbon concentration for this sample was 7,800 mg/Kg, somewhat lower
than the two previous chromatograms.
As with the Day 18 chromatograms, there is a greater observed decline for the
C l5 and C16 carbons than the C 12, C l3, and C14 carbon compounds. This suggests
losses due to another mechanism than volatilization.
This sample was diluted 9X, somewhat less than the Day 0 sample. Therefore,
an adjustment of the FID response was necessary. This was accomplished by multiplying
the scaled response by 9/11. The adjusted response and percentage is given in the
summary of the comparative responses is shown below.

Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 50 Response
2.0 E5
4.3 E5
5.5 E5
7.0 E5
6.4 E5
3.4 E5
1.5 E5

Percent Remaining
41 %
73 %
73 %
85%
78%
59%
65%
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Day 50 Chromatogram #2
A second chromatogram was obtained from the five samples analyzed from the
50th day of the experiment. This chromatogram, shown on Figure 3-2-8, continued to
show a decline in /j-alkane compounds as inferred from FID response. The decline for
this chromatogram, however, is greater than that for any of the previous three, including
chromatogram #1 from the 50th day reactors. There was a more pronounced loss of the
Ci i, C12, C 13 , and Cu compounds, in particular. For these compounds, the inferred
percent of hydrocarbon loss was over 40 %. This correlates with the approximate mass
of total petroleum hydrocarbons measured through laboratory analyses.
The increased decline in the indicator «-alkane compounds is reflected in the
measured total petroleum hydrocarbon concentrations for this sample. This sample had a
total petroleum hydrocarbon concentration of 7,300 mg/Kg. This value is one of the
lowest for the experiment and is the lowest total hydrocarbon concentration for any of the
chromatograms presented.
This sample was diluted 9X, somewhat less than the Day 0 sample. Therefore,
adjustment of the FID response was necessary. The adjusted response and percentage is
given in the summary of the comparative responses is shown below.

Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 50 Response
1.8 E5
2.5 E5
4.6 E5
5.2 E5
5.1 E5
3.0 E5
1.3 E5

Percent Remaining
37%
42%
61 %
63%
62%
52%
57%
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Day 100 Chromatogram #1
At the end of the experiment, two additional chromatograms were obtained from
the five reactors sampled. The first of these is shown on Figure 3-2-9. A comparison of
this chromatogram with the Day 0 chromatogram shows a marked decrease in the
concentration of the indicator compounds, as inferred by FID response. The relative
response, however, is similar to the Day 50 chromatograms, being slightly higher than
one of the chromatograms (#2), and somewhat lower than the other chromatogram (#1).
This sample was analyzed to have had a total petroleum hydrocarbon
concentration of 7,800 mg/Kg. This concentration was equal to that for the soil sample
represented by the Day 50 Chromatogram #1. However, the observed relative
percentages were slightly lower for several of the indicator compounds. That is, there is
not an exact match of the percent of each compound remaining. The balance of the
petroleum hydrocarbon loss to reach the 7,800 mg/Kg concentration probably reflects
less biodegradation of other, non-indicator compound, since the n-alkanes are not the
only compounds that are likely being biodegraded.
This sample was diluted 10X, somewhat less than the Day 0 sample. Therefore,
adjustment of the FID response was necessary. The adjusted response and percentage is
given in the summary of the comparative responses is shown below.
Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 100 Response
2.0 E5
2.9 E5
4.6 E5
5.7 E5
4.6 E5
2.7 E5
1.4 E5

Percent Remaining
41 %
49%
61 %
70 %
56%
47%
61 %
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Day 100 Chromatogram #2
The second chromatogram obtained for Day 100 of the experiment is shown on
Figure 3-2-10. As with the first chromatogram, this one also indicates significant loss of
total petroleum hydrocarbons as inferred by relative decline in FID response. The decline
in indicator compounds continues to be across Cio through Ci6The measured total petroleum hydrocarbon concentration for this chromatogram
was 8,000 mg/Kg. The FID responses for this chromatogram were somewhat higher than
the responses for the first chromatogram reflecting the higher total petroleum
hydrocarbon concentration.
This sample was diluted 1IX, somewhat less than the Day 0 sample. Therefore,
no adjustment of the FID response was necessary. The summary of the comparative
responses is shown below.
Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 100 Response
2.3 E5
3.2 E5
5.8 E5
6.9 E5
5.8 E5
3.1 E5
1.2 E5

Percent Remaining
47%
54%
77%
84%
71 %
53%
52%

It should be noted that the reductions in indicator hydrocarbon concentrations do
not necessarily reflect that the major portion o f the reduction in concentration was
achieved at that time of the chromatogram. From the average of data, it appears that the
major portion of total petroleum hydrocarbon loss occurred by around, or before, the 18th
day. The reductions do, however, appear to approximate total petroleum hydrocarbon
concentrations.
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Day 100 Temperature Control Chromatogram
One chromatogram was obtained from the three cyclical temperature control
reactors that were run and analyzed for total petroleum hydrocarbons. The
chromatogram for this sample is shown on Figure 3-2-11. This chromatogram indicates
that virtually no losses of JP-8 occurred from the temperature control reactors. The total
petroleum hydrocarbon concentration for this sample was 14,000 mg/Kg. This final
concentration is approximately 107 % that of the initial, Day 0, starting total petroleum
hydrocarbon concentration.
In contrast to the previous six chromatograms, this chromatogram resulted in an
apparent decrease in FID response of only one indicator carbon compound, that being
Cio- All of the other indicator carbon compounds had a response percent equal to or
greater than 107 %. This indicates that most of the indicator carbon compounds were
neither biodegraded nor volatilized. The only exception being Cio, which being the nalkane with the fewest carbons, was the most volatile. However, this compound
comprises a relatively small fraction of the indicator compounds.
This soil sample was diluted 11X, similar to the starting soil such that no
adjustment of the chromatogram response was necessary. The relative response
percentages are shown below.
Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 100 Response
2.5 E5
6.1 E5
8.3 E5
9.9 E5
9.9 E5
6.1 E5
2.2 E5

Percent Remaining
51 %
104%
111%
121 %
121 %
105 %
117%
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Day 100 Nutrients Only Control Chromatogram
Three control reactors were carried through the experiment that did not have
additional water added. One chromatogram was obtained for this set of reactors and is
shown on Figure 3-2-12. The total petroleum hydrocarbon concentration for this sample
was 13,000 mg/Kg. The other two samples of the control set had hydrocarbon
concentrations of 10,000 mg/Kg.
This chromatogram shows a loss of the lower numbered carbon compounds, Cio,
Cii, and Ci2 - The remaining compounds are present in concentrations higher than the
initial (Day 0) concentrations. The loss of the Ci i and C 12 carbon compounds indicates
that some biodegradation took place. The higher percentage of the C 13 through Ci6
compounds remaining, as inferred by the FID response, compared to the Day 0
concentration indicates that the initial hydrocarbon concentration for this sample was
greater than the Day 0 sample (13,000 mg/Kg). Therefore, for a comparable 13,000
mg/Kg starting concentration, the percentage loss of the Cio through C 12 compounds
would likely have been higher than shown.
This sample was diluted 10X, somewhat less than the Day 0 sample. Therefore,
adjustment of the FID response was necessary. The adjusted response and percentage is
given in the summary of the comparative responses is shown below.
Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 100 Response
1.6 E5
4.0 E5
6.2 E5
9.1 E5
9.1 E5
6.0 E5
2.7 E5

Percent Remaining
33%
6 8 %
83%
111 %
111 %
104 %
117%
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Day 100 Water Only Control Chromatogram
Three reactors were carried through the experiment that did not have nutrients
added. One chromatogram was obtained for this set. The total petroleum hydrocarbon
concentration that was measured for this sample was 11,000 mg/Kg. The remaining two
samples had total petroleum hydrocarbon concentrations of 11,000 mg/Kg and 12,000
mg/Kg. The chromatogram for this sample is shown on Figure 3-2-13.
This chromatogram also shows a decrease in the Cio through C 12 , and C 15
indicator carbon compounds. The relative percentage of the remaining compounds is
slightly higher than the Day 0,13,000 mg/Kg sample FID responses. This suggests that
loss of petroleum hydrocarbons occurred through biodegradation, since the higher weight
carbon compounds have low volatilization potential. Also, the relative FED response
percentage for several of the compounds indicates that the starting concentration for this
sample was higher than 13,000 mg/Kg.
This sample was diluted 10X, somewhat less than the Day 0 sample. Therefore,
adjustment of the FID response was necessary. The adjusted response and percentage is
given in the summary o f the comparative responses is shown below.

Carbon #
C-10
C -ll
C-12
C-13
C-14
C-15
C-16

Day 0 Response
4.8 E5
5.9 E5
7.5 E5
8.2 E5
8.2 E5
5.8 E5
2.3 E5

Day 100 Response
1.7 E5
4.6 E5
6.9 E5
8 . 6 E5
8 . 6 E5
5.5 E5
2.4 E5

Percent Remaining
35%
78%
105 %
105 %
105 %
95%
104 %
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Chromatogram Analysis Summary
The comparative analysis o f the total petroleum hydrocarbon chromatograms
indicated that there was a definitive decline in n-alkane hydrocarbon concentrations as
inferred by FID response compared to the starting soil chromatogram. For the main
reactors, there is a marked decline in all o f the indicator carbon compounds, Cio through
Ci6 - For the control reactor chromatograms, the decline is muted for the water and
nutrient only controls, and virtually absent from the cyclical temperature control. The
pattern of carbon compound FID response suggests that biodegradation of petroleum
hydrocarbons is occurring, or that at least, some mechanism other than volatilization is
responsible.
One indication that the reduction in carbon compounds was due to
biodegradation, is the relative percentage of FID response reduction. That is, the carbon
compounds with the largest percent reduction in FED response included the C 15 and C ) 6
compounds in addition to the Cio compound. The C 12 to C 14 compounds generally did
not have as large a percent reduction. If volatilization had been the primary removal
mechanism, the percentage reduction should have been noted as consistently decreasing
from the most volatile w-alkane to the least volatile (Cio to Ci6 )A much more significant indication of bioremediation, however, is the percent
reduction noted for the cyclical temperature control. These reactors were subjected to
100 days o f airflow, similar to the main body reactors. The percent reduction in /i-alkane
carbon compounds was relatively insignificant, with the exception of the Cio carbon.
After allowing for an increase in FID response due to the 14,000 mg/Kg, as compared to
the starting (Day 0 soil concentrations) (14,000 mg/Kg : 13,000 mg/Kg = 107%), the Cn
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to Ci6 carbon compounds did not appear to show any loss. That is, the percentages of
those compounds all stayed near or above the 107 % that of the starting response. If
volatilization had been a significant loss mechanism, there should have been a parallel
response observed in the chromatogram for those reactors, as was observed for the main
body reactor chromatograms.
On the other hand, the cyclical temperature control reactors were treated in the
same manner insofar as nutrients and added water are concerned. This should have
stimulated, or at least, supported biodegradation. The absence of a decline in the FED
response for the Cu to Ci6 carbon compounds suggests that the repeated temperature
variation from +10° C to -5° C over three cycles, per day inhibited microbial activity and
the associated decline in FID response for the «-alkane carbons.
The two other controls, contaminated soil with water only and nutrient only
yielded a response that was intermediate between the main body and the cyclical
temperature reactor soils/chromatogram. Both of these chromatograms exhibited a
reduction in FED response for the Cio to C 12 n-alkanes, but no noticeable response for the
higher carbon compounds.
The observed percent of FED response decline suggests that nutrients and water
may have had an impact on the biodegradation of the n-alkanes. The flow of air to those
temperatures was the same as for the main body reactors. Additionally, the temperature
was also maintained at a relatively stable 7° C. If volatilization had been a significant
factor in petroleum hydrocarbon loss during the experiment, the reductions in FID
response for these chromatograms should also have been similar to the main body
reactors.
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Statistical Analysis
A review of the analytical data and chromatograms indicated that there was a loss
of petroleum hydrocarbons from the main body reactors. Additionally, this evaluation
indicates that the factor controlling this observed loss was temperature stability. A
statistical analysis was performed to further evaluate this interpretation. Because the data
was not normally distributed, the petroleum hydrocarbon concentration data were
evaluated using a non-parametric statistical method. The method used was the same as
that described in the previous discussion of the Experiment #1 results. The sample sets
however, were different in that the Komolgorov-Smimov Two-Sample test was used to
evaluate sets of three and four, and five and four observations.
Main Body Bioreactors
The statistical analysis of the petroleum hydrocarbon data from the main portion
of the biodegradation experiment indicates that the observed loss of petroleum
hydrocarbon is statistically significant. The analysis resulted in the determination that the
petroleum hydrocarbon concentrations for each of the three sampling events, Day 18,
Day 50, and Day 100 were from different populations than that of the starting population
at Day 0. The statistical summary is shown on Tables 3-2-2, 3-2-3, and 3-2-4.
The table critical value for sample sets of 4 and 5 observations is 12/15 at the
95 % confidence level (Steel and Torrie, 1980). The calculated value for all three sets
was 15/15. Since this value is greater than the critical value, the null hypothesis must be
rejected and the sample sets assumed to be from separate populations. This suggests that
the soils in the main body bioreactors underwent a significant change in the level of
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Table 3-2-2
Experiment #2 Statistics Summary

Kolmogorov-Smirnov Two-Sample Test
Comparison of starting reactor TPH with bioreactor TPH at Day 18.

Ranking of total petroleum hydrocarbon concentrations (mg/Kg) for the two sample sets.
Y l Day 18
7,200
7,900
8,100
8,400
8,500

Fn (Yl)
1/5
2/5
3/5
4/5
5/5

Y2 Day 0

12,000
12,000
13,000
15,000

Fn (Y2)

1/4
2/4
3/4
4/4

[ Fn (Y l) - Fn (Y2) ]
1/5-0
2/5-0
3/5-0
4/5 -0
5/5-0
5/5 - 1/4
5/5 - 2/4
5/5 - 3/4
5/5 - 4/4

Difference
1/5
2/5
3/5
4/5
5/5 = "D"
3/4
2/4
1/4
0

The largest difference "D" between sample sets is 5/5 = 1.
For two sample sets of 4 and 5 observations, the critical value is 4/5 at the 95 %
confidence interval.*
Since D = 1 > 4/5, the null hypothesis is rejected and the observations are assumed to be
from two separate populations.
* Page 622, Table A.23B.
Y1 = Day 18 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Y l) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Y l) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, New York,
1980.
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Table 3-2-3
Experiment #2 Statistics Summary

Kolmolgorov-Smirnov Two Sample Test
Comparison of starting reactor TPH with bioreactor TPH at Day 50.

Ranking of totai petroleum hydrocarbon concentrations (mg/Kg) for the two sample sets.
Y l Day 50
7,300
7,600
7,800
8,000
8,100

Fn (Y l)
1/5
2/5
3/5
4/5
5/5

Y2 Day 0

12,000
12,000
13,000
15,000

Fn (Y2)

1/4
2/4
3/4
4/4

[ Fn (Y l) - Fn (Y2) ]
1/5-0
2/5 -0
3/5 -0
4 /5 -0
5/5-0
5/5 - 1/4
5/5 - 2/4
5/5 - 3/4
5/5 - 4/4

Difference
1/5
2/5
3/5
4/5
5/5 = "D"
3/4
2/4
1/4
0

The largest difference "D" between sample sets is 5/5 = 1.
For two sample sets of 4 and 5 observations, the critical value is 4/5 at the 95 %
confidence interval.*
Since D = 1 > 4/5, the null hypothesis is rejected and the observations are assumed to be
from two separate populations.
* Page 622, Table A.23B.
Y l = Day 50 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Y l) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Y l) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, New York,
1980.

213

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Table 3-2-4
Experiment #2 Statistics Summary
Kolmogorov-Smirnov Two-Sample Test
Comparison of starting reactor TPH with bioreactor TPH at Day 100.

Ranking of total petroleum hydrocarbon concentrations (mg/Kg) for the two sample sets.
Yl Day 100
6,500
7,600
7,800
8,000
8,500

Fn (Yl)
1/5
2/5
3/5
4/5
5/5

Y2 Day 0 Fn (Y2)

12,000
12,000
13,000
13,000

1/4
2/4
3/4
4/4

[ Fn (Yl) - Fn (Y2) 1 Difference
1/5
1/5-0
2/5 -0
2/5
3/5 -0
3/5
4 /5 -0
4/5
5/5-0
5/5 = "D"
3/4
5/5 - 1/4
5/5 - 2/4
2/4
5/5 - 3/4
1/4
5/5 - 4/4
0

The largest difference "D" between sample sets is 5/5 = 1.
For two sample sets of 4 and 5 observations, the critical value is 4/5 at the 95 %
confidence interval.*
Since D = 1 > 4/5, the null hypothesis is rejected and the observations are assumed to be
from two separate populations.
* Page 622, Table A.23B.
Yl = Day 100 reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Yl) = Fraction o f total represented by observation.
Fn (Y2) = Fraction o f total represented by observation.
[ Fn (Yl) - Fn (Y2) ] = Absolute value of the difference between fractions.
Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, New York,
1980.
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total petroleum hydrocarbon concentrations. This level of reduction in petroleum
hydrocarbon concentration was statistically significant.
Some of this change is due to volatilization of petroleum hydrocarbon from the
reactors. However, volatilization did not appear to affect the result. That is, the
calculated theoretical loss through volatilization would only add approximately 675
mg/Kg back to the reactor petroleum hydrocarbon concentrations. Adding the theoretical
petroleum hydrocarbon loss back to the final analyzed concentrations would not change
the ranking o f the observations. For example, the highest recorded total petroleum
hydrocarbon concentration of any of the sampling events was 8,500 mg/Kg. Adding 675
mg/Kg back, to this value, results in a final concentration of 9,175 mg/Kg, which is still
well below the lowest starting petroleum hydrocarbon concentration of 12,000 mg/Kg.
Therefore, the results of the statistical analysis would not change.
Temperature Control Reactors

The statistical analysis of the cyclical temperature control reactors, however,
indicates that observations from that sample set are from the same population as the
starting sample set. The statistical analysis summarized on Table 3-2-5 shows that the
calculated critical value "D" for the comparison was 1/3. The table value for sets of 3
and 4 observations was 3/4 at the 90 % confidence interval for a two-sided test. Since the
calculated value is below the critical value, the null hypothesis must be accepted.
The conclusion drawn is that the observations are from the same population.
Because of the size of the samples, the confidence interval could not be determined for
the 95 % confidence interval for a two-sided test. However, for a one-sided test, the
result is valid at the 95 % confidence interval. Because the sample observations are
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Table 3-2-5
Experiment #2 Summary Statistics

Kolmogorov-Smirnov Two-Sample Test
Comparison of starting reactor TPH with "cyclical temperature" control reactor
TPH at Day 100.

Ranking of total petroleum hydrocarbon concentrations (mg/Kg) for the two sample sets.
Y l Day 100
11,000

13,000
14,000

Fn (Yl)
1/3

2/3
3/3

Y2 Day 0

Fn (Y2)

12,000
12,000
13,000

1/4
2/4
3/4

15,000

4/4

f Fn (Y l) - Fn (Y2) 1
1/3-0
1/3 - 1/4
1/3 - 2/4
2/3 - 3/4
3/3 - 3/4
3/3 - 4/4

Difference
1/3 = "D"
1/12
2/12
2/12
3/12
0

Largest difference "D" between sample sets is 1/3.
For two sets of 3 and 4 observations, the critical value is 3/4 at the 90 % confidence
interval.*
Since "D" = 1/3 < 3/4, the null hypothesis is accepted and the observations are from the
same population.
* Page 622, Table A.23B.
Y l = Cyclical temperature reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Y l) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Y l) - Fn (Y2) ] = Absolute value of the difference between fractions.

Reference: Principles and Procedures o f Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, New York,
1980.
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from the same population, it can be inferred that there was no significant change in the
cyclical temperature control reactors. An additional observation is that the average
petroleum hydrocarbon concentrations were only slightly less than the starting
concentrations with an average of 12,667 mg/Kg compared to 13,000 mg/Kg. This is a
loss of approximately 333 mg/Kg. This value is lower than the theoretical calculation of
petroleum hydrocarbon loss through volatilization. This suggests that volatilization was
not likely a major factor in petroleum hydrocarbon loss during this experiment.

Water Only Control Reactors

The reactors that did not have nutrients added resulted in a greater loss of
petroleum hydrocarbons than the cyclical temperature control reactors. The summary
statistics for this control are shown on Table 3-2-6. The statistical evaluation of this loss
resulted in a calculated maximum difference "D" of 9/12 at the 90 % confidence interval.
The critical value from tabulated values for sample sets with 3 and 4 observations is also
9/12. Therefore, it is not clear whether the null hypothesis can be accepted or rejected.
Because the loss of petroleum hydrocarbons is much greater than observed in the cyclical
temperature controls, there is probably some loss due to mechanisms other than
volatilization.
Nonetheless, adding the theoretical loss of petroleum hydrocarbons back to the
measured concentrations of the "water only" controls does result in a change in the
ranking. The new ranking results in a calculated "D" of 6/12. Since this value is below
the table value of 9/12 the null hypothesis must be accepted and the conclusion drawn
that the reactors that did not have nutrient added likely are from the same population as
the soils of at the start of the experiment.
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Table 3-2-6

Experiment #2 Summary Statistics
Kolmogorov-Smirnov Two-Sample Test

Comparison of starting reactors TPH with "water only" control reactors TPH at
Day 100.
Ranking of total petroleum hydrocarbon concentrations (mg/Kg) for the two sample sets.
Y l Day 100

11,000
11,000
12,000

Fn (Y l)

1/3
2/3
3/3

Y2 Day 0

12,000
12,000
13,000
15,000

Fn
(Y2)

1/4
2/4
3/4
4/4

[ Fn (Y l) - Fn (Y2) ]

Difference

1/3-0
2 /3 -0
3/3 - 1/4
3/3 - 2/4
3/3 - 3/4
3/3 - 4/4

1/3
2/3
3/4=" D"
1/2
1/4
0

Largest difference "D" between sample sets is 3/4.
For two sets of 3 and 4 observations, the critical value is 3/4 at the 90 % confidence
interval.*
Since "D" = 3/4 = 3/4, the null hypothesis is rejected and the observations assumed to be
from the same population.
* Page 622, Table A.23B.
Yl = Water only reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Y l) = Fraction of total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Y l) - Fn (Y2) ] = Absolute value of the difference between fractions.
Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, New York,
1980.
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Nutrient Only Control Reactors
The reactors that had nutrients added, but no additional water, also showed a
greater loss of petroleum hydrocarbons than the cyclical, temperature control reactors and
the starting soil concentrations. The summary statistics for this control are shown on
Table 3-2-7. The statistical evaluation of this loss differed from the "water only" controls
due to a slightly different ranking and resulting in a calculated maximum difference "D"
of 2/3 at the 90 % confidence interval. The critical value from tabulated values for
sample sets with 3 and 4 observations is also 9/12. Therefore, the null hypothesis must
be rejected for this comparison and the observations assumed to be from the same
population. Although these reactors had some moisture from melted ice and snow that
had been shipped with the frozen soils, the levels were lower than the "water only"
reactors. Therefore, water appears to be a more critical variable to petroleum
hydrocarbon biodegradation that nutrient.
Summary

The statistical analysis supports the hypothesis that frequent, cyclical temperature
fluctuations inhibit the loss of total petroleum hydrocarbons. Likewise, insufficient water
also appears to have an effect, although this interpretation is not supported as strongly.
For significant reduction of petroleum hydrocarbons, stable temperature and adequate
water and nutrients are likely necessary. However, even in the absence of nutrients, some
degradation losses will occur, probably the result of cell maintenance requirements.
Therefore, the dominant control appears to be temperature stability.
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Table 3-2-7
Experiment #2 Summary Statistics

Kolmogorov-Smirnov Two-Sample Test
Comparison of starting reactor TPH with "nutrients only" control reactor TPH at
Day 100.
Ranking of total petroleum hydrocarbon concentrations (mg/Kg) for the sample sets.
Y l Day 100
10,000
10,000

13,000

Fn (Yl)
1/3
2/3

3/3

Y2 Day 0 Fn (Y2)

12,000
12,000
13,000
15,000

1/4
2/4
3/4
4/4

[Fn(Y10 - Fn(Y2)l
1/3-0
2 /3 -0
2/3 - 1/4
2/3 - 2/4
3/3 - 3/4
3/3 - 4/4

Difference
1/3
2/3 = "D"
5/12
2/12
1/4
0

The largest difference "D" between sample sets is 2/3.
For two sets of 3 and 4 observations, the critical value is 3/4 at the 95 % confidence
interval.
Since "D" = 2/3 < 3/4, the null hypothesis is accepted and the observations are from the
same population.
* Page 622, Table A.23B.
Y l = Nutrients only reactor TPH concentrations.
Y2 = Starting reactor TPH concentrations.
Fn (Yl) = Fraction o f total represented by observation.
Fn (Y2) = Fraction of total represented by observation.
[ Fn (Yl) - Fn (Y2) ] = Absolute value of the difference between fractions.
Reference: Principles and Procedures of Statistics, a Biometrical Approach. 2nd Edition,
Robert Steel and James Torre, McGraw-Hill Book Company, New York, New York,
1980.
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Microbial Activity

The results of this experiment indicate that a large fraction of the starting
petroleum hydrocarbon concentrations were lost due to a mechanism other than
volatilization. The volatilization control results and analytical modeling of the first
experiment, and the analytical modeling for the second experiment, suggest that
volatilization o f JP-8 at relatively low temperatures and low rates of airflow, in a closed
container is minimal. Additionally, the cyclical, fluctuating temperature control reactors
did not exhibit significant total petroleum hydrocarbon loss, even though they were
subjected to the same flow of air, nutrients, and water as the stable temperature, main
body reactors.
A review of representative, total petroleum hydrocarbon chromatograms indicated
that there was a loss of total petroleum hydrocarbons from the main body reactors that
were incubated at a stable temperature. The loss of hydrocarbons was greater for nalkane compounds with lower, and also higher carbon atom numbers, than for n-alkane
compounds of intermediate carbon atom numbers. The observed loss of w-alkane
compounds did not follow decreasing compound loss with increasing carbon atom
content. Concurrently, the review of the cyclical, fluctuating temperature control
chromatogram did not identify significant loss of /z-alkane hydrocarbon compounds.
The statistical analyses performed also indicated that there was a loss of total
petroleum hydrocarbons from the main body reactors that was statistically, significantly
different from the observed losses from the other reactors. This was especially notable
when comparing the main body, stable temperature reactors to the cyclical, fluctuating
temperature control reactors. The combination o f these observations suggests that some
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mechanism, probably biological activity, was responsible for the observed loss of total
petroleum hydrocarbon in the stable temperature, main body reactors.

Assessment of Petroleum Hydrocarbon Microbial Activity

During the course of the experiment an assessment of the potential impact of
petroleum hydrocarbon-degrading microorganisms was made. This was accomplished by
monitoring evolved carbon dioxide, which is an indicator of microbial respiration, and
culturing specific petroleum hydrocarbon-degrading microorganisms. If petroleum
hydrocarbon-degrading microorganisms were present and responsible for any observed
loss o f petroleum hydrocarbons from the soil they should respire, generating carbon
dioxide which could be recorded. Also, as they consumed the petroleum hydrocarbons,
they should grow and multiply in numbers. This growth of petroleum hydrocarbondegrading microorganisms could be observed in a most probable number (MPN) test
using JP-8 as the sole carbon source.
Measurement of these parameters could also facilitate a mass balance analysis.
The measured mass of carbon dioxide evolved, and estimated biomass generated, based
upon microbial numbers produced, could be evaluated with the ammonia-nitrogen lost
and compared to the mass of petroleum hydrocarbon measured to be lost.
Microbial Respiration

Since Antarctic grade diesel fuel (DFA) consists primarily of kerosene (JP-8 jet
fuel), a fraction of the hydrocarbon can be lost through volatilization over time.
Although the volatilization rate is likely to be relatively low at cold temperatures in a
sealed container with relatively low air flow rates, it is important to establish that the
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petroleum hydrocarbon loss occurred through microbial activity. Because carbon dioxide
is a byproduct of microbial consumption of hydrocarbons, an increase in carbon dioxide
should be indicative of an increase in microbial activity and hydrocarbon loss. The air
exiting the reactors was, therefore, collected in a flow through container in order to obtain
sufficient volume of air for analysis. This also allowed a time-weighted average of
carbon dioxide production to be obtained.
During the course of the experiment, at least five of the main body reactors, and
one of each of the triplicate controls, was assessed for carbon dioxide in the soil effluent
gas. This resulted in at least one third of all reactors being sampled at any one time. The
results of effluent gas monitoring during the experiment showed that there was a
significant, measured, evolution of carbon dioxide above atmospheric background
concentrations, especially from the main body reactors.
All of the main body reactors, and the water effect and nutrient effect controls
exhibited carbon dioxide emissions. The temperature fluctuation control reactors did not
exhibit any carbon dioxide emissions above atmospheric background levels. While the
water effect and nutrient effect controls indicated elevated levels of carbon dioxide in the
reactor effluent gas, the levels were sporadic and could not be determined to follow a
clear trend. Nonetheless, they did intermittently show carbon dioxide levels above
atmospheric background levels.
The measured rate of carbon dioxide evolution from the main bioreactors is
shown on Figure 3-2-14. All of the values shown on the figure are adjusted for
background atmospheric concentrations o f carbon dioxide. Figure 3-2-15 shows the
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Time Since Start of Experiment 2 (Days)
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Time Since Start of Experiment 2 (Days)

" eo

average daily production of carbon dioxide that was determined from the measured
evolution rates. Representative calculations for determination of this mass o f carbon
dioxide are enclosed in Appendix C.
The scatter in the plotted carbon dioxide readings shown on Figure 3-2-14, is a
function of soil and microbial population heterogeneity and is expected. Nonetheless,
there is a distinct pattern of carbon dioxide evolution noted throughout the experiment
that appears to indicate microbial activity. Even with the scatter of individual reactors,
the plot of carbon dioxide shown on Figures 3-2-14 and 3-2-15 clearly indicates carbon
dioxide production above atmospheric background concentrations. The level of carbon
dioxide increases during two cycles and subsequently drops off. The pattern of increase
and decrease is similar to the pattern exhibited by microorganisms in batch reactors.
The control reactors, especially the cyclical, fluctuating temperature control
reactors, did not exhibit this response. If evolution of carbon dioxide had been due to
abiotic factors, a similar pattern should have been observed in these reactors. Figure 3-216 shows the measure evolution of carbon dioxide above background levels for the water
only, and nutrient only control reactors. Carbon dioxide from the water only reactors
appeared to mimic, at a lower concentration, the first carbon dioxide peak of the main
body reactors, but not with the second peak. The nutrient only reactors showed carbon
dioxide, but, at a low concentration and in no particular pattern.
The results of the carbon dioxide effluent monitoring for the main body, stable
temperature reactors, resulted in the apparent generation of carbon dioxide over two
growth cycles with an apparent intermediate lag phase. For the fifteen main body
reactors, apparent microbial respiration was noted to rapidly increase until at least the 8th
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Days

Figure 3-2-16. Respiration From Water and Nutrient Only Controls

o
o

day where the measured respiration levels declined until the 18th day where they
remained relatively constant until after the 26th day. After that time, the respiration rates
increased again, peaking at around the 58th day. Respiration levels gradually declined to
the 100th day.
First Growth Phase
Evolution of carbon dioxide in the effluent air from the bioreactors appeared to
increase in an exponential manner during the first growth cycle from near the beginning
of the experiment until sometime after the 8th day. Due to the intermittent sampling
frequency the precise peaking of carbon dioxide evolution could not be determined for
the first noted growth phase of the experiment. However, there were three data points
that were sampled on the 2nd, 5th, and 8th days. These data points were used to evaluate
the rate of carbon dioxide evolution.
The results of carbon dioxide production for each of these three days was plotted
and graphed with the results shown of Figure 3-2-17. The three data points appear to lie
on an exponential growth curve. The exponential growth coefficient was determined to
be relatively slow at approximately 0.2557 day'1. Although there were only three data
points, the plot resulted in an equation that represents exponential growth that has a
correlation coefficient (R2) of 0.9981.
The increase in carbon dioxide noted over the first eight days appears to be
consistent with microbial growth. That is, carbon dioxide gas evolved from the
bioreactors increased in a manner that is consistent with microbial growth during the
exponential growth phase, after adapting to an increase in carbon substrate. If the carbon

228

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

o

00

© T-

Figure 3*2-17. Carbon Dioxide Exponential Evolution First Growth Phase

o> CO
in ®
^ o>

m

co

■D

O
o

o

o

CM

o

CO

o

m

o

oco

o

CM

o

o

(Aep/6iu) apixoiQ uoqjeo

229

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

Time Since Start of Experiment 2 (Days)

CO

dioxide had evolved from abiotic sources, it is likely that carbon dioxide evolution would
not follow the observed pattern.
From the data, a significant initial lag phase did not appear to be present, at the
start o f the experiment. It is possible that there was an initial lag phase prior to the
second day. However, given the relatively early onset of exponential growth, albeit at a
relatively slow rate, the microorganisms present in the soil appear to have been well
acclimated and adapted to the cold temperature and carbon source (JP-8) used in the
experiment. It is noted that based upon the literature review and the results of the first
experiment, that naturally occurring organic carbon does not appear to be present in
significant amounts in this soil. This relatively rapid response to incubation with added
JP-8, at a low temperature, also suggests that cold-temperature microorganisms that have
been accustomed to using JP-8 as a carbon source are responsible for the observed carbon
dioxide evolution and not microorganisms from potential cross contamination in the
laboratory.
Intermediate Lag Phase

It is not possible to determine exactly where the first growth cycle peaked.
Nonetheless, by the 11th day, the evolution of carbon dioxide was declining. The
decrease in carbon dioxide production continued until approximately the 18th day of the
experiment. From that time until approximately the 26th day, carbon dioxide evolution
remained steady or very slowing increased.
It is not entirely clear why the first growth cycle ended and was followed by a lag
period to subsequently be followed by a second growth phase. The analytical data
indicates that the bulk of the petroleum hydrocarbon mass that was lost during the
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experiment was lost by the 18th day. Additionally, ammonia-nitrogen, while still present,
was substantially reduced by the same time. Also noted was a measured decrease in
average soil pH from approximately 8.6 to 7.4. These observations might suggest that
the available carbon substrate and/or nutrients had been exhausted.
However, a mass balance analysis, described in a subsequent section of this
dissertation, suggests that the carbon dioxide evolved and the biomass generated by the
18th day cannot account for the petroleum hydrocarbon mass lost. Furthermore, the
volatilization control results from the first experiment, and the analytical model results
for the second experiment do not indicate that significant loss of petroleum hydrocarbon
mass was due to volatilization, either. The lag phase may represent a microbial response
to changed microbial ecological environment. In other words, this could represent
adaptation to a new carbon substrate form resulting from initial degradation of the
hydrocarbons. This issue is discussed further in a subsequent section.
Second Growth Phase
A second observed increase in carbon dioxide evolution was noted from
approximately the 26th day of the experiment until the 58!h day of the experiment. There
were seven data points for carbon dioxide production that were graphed and plotted. As
with the results from the first growth phase, the increase appears to follow an exponential
pattern. The results are shown on Figure 3-2-18.
The exponential growth constant was calculated to be 0.0398 day*1with a
correlation coefficient R2 value o f 0.9982. As with the first noted increase in carbon
dioxide evolution at the beginning of the experiment, the response appears to reflect an
exponential increase in microbial growth. After approximately Day 58, the rate of
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Figure 3-2-18. Carbon Dioxide Exponential Evolution Second Growth Phase
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evolution and production of carbon dioxide begins to decline similar to the declining
growth phase noted for microorganisms growing in a batch culture. By the 61st day of
the experiment, the rate of carbon dioxide evolution decreases to the end of the
experiment, similar to the endogenous phase o f microbial growth and decline.
During this period there was no significant additional loss of petroleum
hydrocarbons. This was in spite of continued aeration and potential volatilization. While
ammonia-nitrogen continued at a very low, but detectable level of approximately 10
mg/Kg, there was no detectable decrease in nitrate-nitrogen. However, pH did decrease
from approximately 7.4 to 6.9.
The mass balance for carbon dioxide evolved and potential biomass produced by
the second growth peak, along with volatilization losses suggests a better accounting of
petroleum hydrocarbon losses. The mass balance analysis is provided in a later section of
this dissertation. There is a probable lack of significant levels of naturally occurring,
organic carbon, as evidenced by the results of the first experiment and the literature
review for Antarctic soils. This second growth phase may represent microbial growth on
degradation intermediates and nitrogen turnover from intracellular stores, and/or
extracellular proteins (Panikov, 1995a; Shuler and Kargi, 1992d).
Numbers of Petroleum Hydrocarbon-Degrading Microorganisms

The presence of presumed indigenous, petroleum hydrocarbon-degrading bacteria
in the Antarctic soils was detected using plating techniques. Although the frequency of
measurement was not as often as carbon dioxide measurement, the conduct of plating at
the four intervals did allow a rough, semi-quantification of changes in the numbers of
microorganisms in the soil. Further, because JP-8 was the only carbon source used
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during the plating process, the calculated numbers of microorganisms were interpreted to
be petroleum hydrocarbon-degrading microorganisms.
A soil suspension was prepared from composite samples of soil, at each sampling
interval, as they were removed for analysis. A triplicate set of culture plates was
inoculated with soil suspension dilutions ranging from 10E-1 to l-E-9. Positive plates
resulted in colonies of microorganisms ranging from dense, numerous colonies at the less
dilute serial inoculations to only several colonies at the higher dilutions. A triplicate set
of blank control plates was included with each group of soil suspension dilution plates
during incubation. None of these control plates exhibited any microbial growth, as
inferred by the absence of visible colonies.
Figure 3-2-19 shows the estimated numbers of presumed petroleum hydrocarbondegrading microorganisms at four times during the experiment. The number of
microorganisms was determined from positively scored plates and reference to statistical
MPN tables. Plates that had at least one colony were scored as positives, while plates
that did not have any visually identifiable colonies were scored as negatives. The
numbers of positive and negative plates are shown on Table 3-2-8.
The initial soil had a concentration of approximately 4.6 E 8 colony-forming units
(CFUs) per kilogram of dry soil as determined by the most probable number method.
This population of bacteria increased during incubation to approximately 8.6 E 9 CFUs
by the 18th day of the experiment. The highest microbial population determined from
plating was reached by the 50th day of the experiment when the MPN count of
microorganisms was determined to be 2.2 E 12 CFUs. The measured population declined
to approximately 1.86 E 9 CFU by the 100th day.
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Figure 3-2-19. Petroleum Hydrocarbon-Degrading Microorganism Numbers
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Table 3-2-8

Most Probable Number Plate Results*

Start

Day 18

Day 50

Day 100

+ / -

+ / -

+ / -

+ / -

10E-1

3 / 0

3 / 0

3 / 0

3 / 0

10E-2

3 / 0

3 / 0

3 / 0

3 / 0

10E-3

3 / 0

3 / 0

3 / 0

3 / 0

10E-4

3 / 0

3 / 0

3 / 0

3 / 0

10E-5

3 / 0

3 / 0

3 / 0

3 / 0

10E-6

0 / 3

3 / 0

3 / 0

2 / 1

10E-7

0 / 3

1/ 2

3 / 0

0 / 3

10E-8

0 / 3

0 / 3

3 / 0

0 / 3

10E-9

0 / 3

0 / 3

2 / 1

0 / 3

Blank

0 / 3

0 / 3

0 / 3

0 / 3

Dilution

* MPN plating in triplicate.

represent the number of positive and negative

plates.
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The initial most probable number count of microorganisms and the subsequent
increase suggests that microorganisms used the petroleum hydrocarbons contained within
the soil matrix as a growth substrate. The rapid evolution of carbon dioxide also suggests
that an adapted and acclimated population of petroleum hydrocarbon-degrading
microorganisms existed in the soils. Additionally, the initial numbers of microorganisms,
while relatively low, was greater than are typically found in Antarctic Soils. For
instance, soils in the Dry Valleys have been analyzed to harbor numbers of
microorganisms as low as 1 E 3 CFU (16, 105, 117, 125). The relatively high initial
numbers of petroleum hydrocarbon-degrading microorganisms found in the soils used
may indicate that they have been using, albeit at a slow rate, the available petroleum
hydrocarbons.
The methods of preparing soil plating serial dilutions, nutrient agar, and
equipment ensured that the microorganisms grown and observed on the agar plates were
petroleum hydrocarbon-degrading microorganisms originating from the drummed soils
received. The only nutrients contained in the agar were those derived from BushnellHaas media. This nutrient media is commonly used to selectively grow petroleum
hydrocarbon degrading microorganisms and does not contain any additional carbon
source. The only carbon source applied to the spread plates was approximately 50
microliter (pi) of filter-sterilized JP-8 jet fuel. The fact that growth was observed using
this specific media and carbon substrate also supports the conclusion that these
microorganisms metabolize petroleum hydrocarbon. As an additional check, blank plates
were inoculated to assess for potential contamination through laboratory procedures.
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Each set of MPN plate serial dilutions had a triplicate set of blank plates that were
inoculated and incubated similarly to the soil serial dilutions, including use of nutrient
agar and filter sterilized JP-8. Verification of lack of external contamination was
demonstrated in that all o f the blank/control plates exhibited negative responses for all
plates and all plating runs. Not a single colony was observed on any of the plates.
Carbon Dioxide and MPN Comparison

The carbon dioxide evolution described earlier is interpreted to be a function of
microbial activity since aerobic respiration by microorganisms generates carbon dioxide.
An indication that the carbon dioxide levels represent microbial respiration is the
correlation with the population densities measured by the MPN counts (Figure 3-2-20).
While the MPN counts obtained were not synchronized with the carbon dioxide
peaks and troughs, it can still be seen that MPN counts and carbon dioxide levels follow
general patterns of increasing and decreasing levels. The MPN of microorganisms and
the carbon dioxide levels have both increased on the 18lh day of the experiment as
compared to the beginning of the experiment. While this interval represents the declining
phase of the first growth cycle, the likely number o f viable microorganisms is higher than
observed at the start of the experiment. Likewise, the measure carbon dioxide evolved on
the 18th day is higher than observed on the second day of the experiment.
The peak MPN count taken of the 50th day of the experiment occurred several
days prior to the peak in measured carbon dioxide respiration. Nonetheless, the elevated
numbers of microorganisms correlated with the increased evolution of carbon dioxide at
that time. The actual peak in microbial numbers for the experiment were likely higher
than those determined through MPN methods since the exponential phase of carbon
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Figure 3-2-20. Daily Carbon Dioxide and MPN

dioxide evolution continued for approximately four more days, followed by a declining
rate of growth for at least three more days.
Toward the end of the experiment, the MPN count declined along with the carbon
dioxide levels. The marked decrease in carbon dioxide evolution appears to correlate
with the major decline in microbial numbers as determined by MPN methods.
The approximate correlation of microbial numbers with the evolution rate of
carbon dioxide supports the interpretation that observed carbon dioxide was produced by
petroleum hydrocarbon-degrading microorganisms. This is primarily due to the fact that
the only carbon substrate for the microorganisms to grow on during the MPN plating
effort was JP-8.

Experiment Mass Balance

The pattern of carbon dioxide generated and the microbial numbers are somewhat
perplexing. The carbon dioxide pattern, in particular, appears to show a microbial growth
phase up to around the 8th day of monitoring, followed by a decline and subsequent
leveling off of carbon dioxide production. This is followed by a much larger production
of carbon dioxide after the lag period from approximately the 26th day to near the 58th day
of the experiment. There is a final decline after this peak until the end of the experiment.
However, this pattern of observed carbon dioxide does not follow the measured loss of
total petroleum hydrocarbons.
For a batch biological experiment, it might be assumed that microorganisms
would grow and increase in number while depleting the growth substrate and/or limiting
nutrients. During that time, for aerobic microorganisms, carbon dioxide would also be
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produced. After the limiting substrate is exhausted, the microbial numbers and
production of carbon dioxide should decline. This simple pattern was not observed
during this experiment.
Additionally, although the focus of this research was to assess the effects of
ffeeze-thaw cycles on the loss of petroleum hydrocarbons, a component of that research
was to show that the microbial activity observed, respiration and increase in
microorganism numbers, was due to biodegradation of JP-8.
Therefore, an initial step in assessing the observed results was to perform a mass
balance analysis. This analysis attempted to account for the total petroleum hydrocarbon
decreases, calculated volatilization loss, carbon dioxide evolved, estimate of biomass
produced, and ammonia-nitrogen lost. This analysis was performed to determine whether
the observed losses and measured parameters could be correlated.
A second step in this assessment was to attempt to provide at least a plausible,
albeit hypothetical, explanation of the observations, in a microbial context. This
explanation, however, in not intended to be an absolute, definitive, analysis of the actual
microbial ecology. This analysis was also performed to attempt to assess whether the
observed data made sense, and to provide a framework for discussion.
Petroleum Hydrocarbon Mass Balance

During microbial consumption of an organic substrate, a portion of the carbon
consumed will be converted into biomass, while a portion will be respired as carbon
dioxide. The percentage of substrate carbon that is converted into microbial biomass will
vary depending upon a range of variables including the microorganism, the specific
substrate, and the environmental conditions. Typically, approximately one half of the
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substrate carbon is assumed go into cell biomass while one half goes into carbon dioxide.
However, this ratio can vary depending upon environmental conditions that the
microorganisms are subjected to (Gaudy and Gaudy, 1980a; Shuler and Kargi, 1992e).
A formula describing the conversion of petroleum hydrocarbons to biomass,
carbon dioxide, water and energy is given below (Muller-Markgraf, 1995). This equation
will serve as the "model" for performing the mass balance analysis.

2/i CH2 + 2/i0 2 +0.19/I NH4+ -»
/i(CHj .7 O 0 .5 N0 .19) + « C 0 2 + 1.5/iH20 + /»(48,000 kJ)

The petroleum hydrocarbon compound is represented by /jCH2. The italicized n
represents the number of petroleum hydrocarbon units in the particular petroleum
hydrocarbon. For instance, dodecane has twelve carbons in it's molecule and may be
represented by n = 12. The numbers, both subscript and preceding the different
compounds, dictate the stoichiometric quantities of that compound to complete the
balanced reaction. Energy generated is denoted in kilo joules (kJ).
Using the above equation for complete petroleum hydrocarbon biodegradation,
approximately 87 % of the n-alkane hydrocarbon mass will be converted to biomass, as a
result of the biodegradation process. This is based on the molecular weight of dodecane
being approximately 336 milligrams per milligram-millimole and the molecular weight of
the biomass produced weighing approximately 293 milligrams.
Using the same equation, a mass of carbon dioxide is produced which has a
molecular weight o f approximately 528 milligrams. Therefore, the ratio of carbon
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dioxide produced, by weight, is approximately 157 % that of the initial molecular weight
of the dodecane.
Contained within the biomass is approximately 31.92 milligrams of nitrogen
(assumed to be ammonia-nitrogen) for a percent, by weight, of nearly 10.9%. Therefore,
for petroleum hydrocarbon degradation each milligram of biomass produced will require
at least 0.109 milligrams of ammonia-nitrogen. Typical values of nitrogen in bacterial
cells have been cited to range from approximately 10 to 16% (Shuler and Kargi, 1992c).
Petroleum Hydrocarbon Converted to Evolved Carbon Dioxide

A review of Figure 3-2-14 shows that assumed microbial growth, as measured by
increasing carbon dioxide concentrations in the effluent gas, occurred from
approximately the start of the experiment to around the 8th day of the experiment
(possibly until the 9th or 10th day). Growth also occurred from approximately the 26th to
the 58th day of the experiment. Carbon dioxide concentrations were obtained by
converting effluent gas concentrations to milligrams of carbon dioxide per liter, and
applying this value to the volume of effluent gas from the reactors.
The rate of carbon dioxide production was then converted to a daily mass of
carbon dioxide produced. The measured carbon dioxide respiration data was used to
calculate petroleum hydrocarbon converted to carbon dioxide. Only carbon dioxide
generated during the exponential growth and lag phases of the experiment was used.
A total of approximately 476 milligrams of carbon dioxide were evolved during
the first growth cycle from the 1st to the 9th day. Approximately 340 milligrams of
carbon dioxide were given off during the lag phase from the 18th to the 26th day. A total
of approximately 2,396 milligrams of carbon dioxide were evolved during the

243

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

exponential growth portion of the second growth cycle. An additional 546 milligrams of
carbon dioxide was measured as having been evolved during the declining growth phase
to the 58th day (Appendix C). This resulted in a total of approximately 3,758 milligrams
o f evolved carbon dioxide during the biodegradation experiment, from each kilogram of
contaminated soil.
The data from the experiment indicates that the measured biodegraded petroleum
hydrocarbon loss was approximately 5,240 milligrams by the 50th day of the experiment
near the peak of microbial activity. This represents a decrease in total petroleum
hydrocarbon concentration from approximately 13,000 mg/Kg at the start of the
experiment to approximately 7,760 mg/Kg by the 50th day. The volatilization
calculations indicate that approximately 450 mg/Kg of JP-8 could have been volatilized
by the 50th day. Subtracting that mass from 5,240 mg/Kg results in approximately 4,790
mg/Kg of petroleum hydrocarbons that are interpreted as being lost due to biological
activity.
Using the "model" ratio of approximately 1.57 times by weight of carbon dioxide
being produced from petroleum hydrocarbon substrate biodegraded, approximately 7,520
milligrams of carbon dioxide should have been evolved for the petroleum hydrocarbons
that were degraded. Therefore, the evolved carbon dioxide appears to represent only
approximately 50% of the total carbon dioxide mass that was assumed to be lost through
microbial activity.
There are several possible explanations for this. The first is that not all of the
carbon dioxide emitted may have been measured. Since the soil was initially alkaline at
around pH 8.5, a portion of carbon dioxide given off by the microorganisms may have
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been converted to carbonates and precipitated as either calcium and/or magnesium
carbonate in the soil matrix (Riser-Roberts, 1998h). This reaction can occur within a
closed container with low airflow such that higher vapor pressures can be realized.
Carbon dioxide emitted into the soil matrix can dissolve into the soil water.
Subsequently, the carbon dioxide can form carbonic acid, which may then react with soil
carbonates. Thus, the carbon dioxide given off during the first growth cycle may have
been masked until the pH declined to around 7 as measured on the 18th day (Royce and
Thornhill, 1994; Zeng, 1995).
A second possibility is that more carbon was transferred into cell biomass than
would be suggested by the "model" equation. For instance, that equation assumes that
approximately 50 % of the carbon from the petroleum hydrocarbon substrate will be
directed to carbon dioxide while 50 % will be directed to cell biomass. However, under
conditions of nutrient limitation, the percent carbon converted to biomass could be
higher. This carbon could be stored as lipid material without producing additional cells
(Gaudy and Gaudy, 1990f; Shuler and Kargi, 1992h).
Number of Microorganisms
For this experiment there were two growth cycles. The first peak occurred shortly
after the 8th day while the second occurred around the 58th day. A complete estimate of
the biomass produced could not be made since there was no microbial population data
collected near the peak of the first growth cycle. Although there was a lesser peak in
carbon dioxide around the 8th day of the experiment, the MPN data was not taken until
the 18th data. At that time there was likely to be fewer viable cells since the downward
trend in carbon dioxide evolution probably represented endogenous conditions.
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However, at the 50th day of the experiment, samples were collected for analysis
including plating of microbial numbers. This time coincided with shortly before the peak
respiration noted during the experiment and can be interpreted to be close to the end of
the growth cycle. Therefore, MPN data for this time should be appropriate for
determination o f the viable biomass produced during the observed second growth cycle
of the experiment. Since the second growth cycle noted evolved the largest fraction of
carbon dioxide, it should provide an approximate estimate of biomass produced.
Additionally, since it does not represent all of the growth observed, it should be a
conservative estimate.
MPN data for the reactor soil collected during the 50th day of the experiment
resulted in an estimate of 1.1 E 9 CFU per 1/2 mi application of soil solution. Each of
these colonies is presumed to represent an initial single cell.The number of
microorganisms present as determined by the MPN method was adjusted for one
kilogram of soil. Since 1/2 milliliter at a 10E-01 dilution (grams of soil to milliliters of
solution) was used to prepare the initial soil suspension to inoculate each plate, the
number of microorganism attributed to one kilogram of soil was multiplied by 2,000.
This resulted in a microbial number of 2.2 E12 cells per kilogram of soil.
Exponential growth appeared to continue to at least the 54th day (Figure 3-2-15).
Although the numbers of microorganisms at the 54th day was not determined directly, the
numbers for that day were extrapolated using the carbon dioxide data. Using the
exponential growth constant that was determined for carbon dioxide evolution during the
second growth cycle, an estimate of the microbial numbers at the 54th day was made.
This calculation was deemed appropriate since growth appeared to still be exponential at
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the 54th day, four days after the MPN measurement. This resulted in an estimated
microbial population of 2.6 E 12 CFU/Kg soil. This value is considered somewhat
conservative since microbial growth appeared to continue to the 58th day, albeit, in a
declining growth mode.
Average Microbial Cell Size

The size of the cells in the soil is also necessary to calculate biomass. The
determination of cell dimensions was more problematic since the individual cell size was
not directly measured. Additionally, due to the numbers of microorganisms in the soil,
there is likely to be variation in cell size, which could lead to a statistically inaccurate
value if sufficient cells were not measured. The accurate measurement of sufficient
numbers of cells in soils is difficult and can lead to error (Kassem and Nannipier, 1995a).
An estimate of cell biomass was made using the reported maximum cell dimensions for a
number of microorganisms that have been found to be present in Antarctic soils that are
capable of degrading petroleum hydrocarbons, and the most probable number of
microorganisms.
Petroleum hydrocarbon-degrading microorganisms likely to be present in the
Antarctic soils include Arthrobacter, Psnedomonas, Rhodococus, Microccocus,
Flavobacterium and Norcardia. The average cell mass was estimated using the upper

cell dimensions given for each of these microorganisms. The upper cell dimensions were
used for two reasons. First, the cells were assumed to have reached a maximum size
prior to division. Second, growth of psychrophiles and psychrotrophs is reported to be to
large cell sizes as a general environmental response (Gounot, 1991; Margesin and
Schinner, 1994; Panikov, 1995b; Russell andHamamoto, 1998).
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It is recognized that this method is only an estimate and no attempt is being made
to imply that the results are exact. However, for practical purposes, it may be realistic to
assume that a mix of these microorganisms are likely for biodegradation, either
simultaneously, or at different times during the process. The viable cell volume can be
calculated using the following equation (Lorch et al., 1995).

X=

(n/4)

( W 2) ( L - W / 3 )

X = Cell Volume (pm3)
L = Cell Length
W = Cell Width

The cell dimensions for the microorganisms used in the calculations are provided
below with the resulting volumes (Finnerty, 1992; Galli et al., 1992; Goodfellow, 1976;
Hagedom and Holt, 1975; Holt et al., 1994; Koneman et al., 1983; Madigan et al., 2000).

Flavobacterium (rod-shaped)

1.0 um x 6.0 um

4.45 um

Noca.rd.ia (rod-shaped)

1.2 um x 10.0 um

10.86 um

Arthrobacter (rod-shaped)

1.2 um x 5.0 um

5.20 um

Rhodococcus (rod-shaped)

1.1 um x 5.0 um

4.40 um

Micrococcus (cocci)

2.0 um (diameter)

4.19 um

Psuedomonas (rod-shaped)

1.0 um x 5.0 um

3.67 um

Average Volume = 5.46 um3
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Petroleum Hydrocarbon Incorporated Into Ceil Biomass
In addition to assessing the mass of carbon dioxide produced, an estimate of
biomass produced was made using the petroleum hydrocarbon mass that was assumed
lost by biodegradation. Using the "model" equation, at an 87 % conversion of petroleum
hydrocarbon to biomass, by weight, approximately 4,167 milligrams of biomass should
have been produced. This is based on the weight of the dry biomass being equal to 87%
o f4,790 mg/Kg of petroleum hydrocarbon left after allowing for the volatilization loss.
This predicted value was checked by comparing it to a calculated estimate of biomass
using the measured microbial numbers (MPN) and an estimate of the average cell mass.
This was also compared to the mass of ammonia-nitrogen measured to have been lost
during the experiment.
An estimate of carbon incorporated into cell biomass may be made using the
number of microorganisms at the peak of the growth cycle and an average microbial cell
size. Estimate of dry biomass may be made using the following equation (Lorch et al.,
1995).

Xd = N (V) p (1-W)
Xd = Dry cell biomass (mg/Kg)
N = Number o f microorganisms per kilogram soil
V = Volume o f the microbial cell
p = Density of the microbial cell
W = Water percent of cell
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The number of microorganisms determined to be present and the average cell
volumes are discussed in the below. The average microbial cell density is given as
between 1.3 and 1.5 micrograms per cubic micrometer (jag/pm3). The average moisture
content of a microbial cell is given as 70 % (Alberts et al., 1998a; Lorch et al., 1995).
Using the equation for calculation of dry cell biomass produced with the
estimated microbial numbers and individual cell size a biomass of approximately 5,962
mg/Kg was calculated . This value is approximately 43 % greater than that predicted
using the "model" 87 % of the hydrocarbon mass converted to biomass. This higher than
predicted mass of cells could offset the lower than predicted mass of carbon dioxide
produced.
As mentioned previously, a response of certain psychrophilic and psychrotrophic
microorganisms is to convert carbon substrate to lipids as a survival mechanism, and also
in the absence of nutrients (Gaudy and Gaudy, I980f). This carbon is stored as polyhydroxy-butyrate (PHB). Some bacteria have been reported to contain as much as 90%,
by dry weight, of PHB (Shuler and Kargi, 1992i). In the process, the cell sizes increase.
The increase in cell size is also a response to increase the surface area of the
microorganism to obtain more nutrients (Margesin and Schinner, 1994; Panikov, 1995a).
Ammonia-Nitrogen Balance
Soil analyses indicated that measured concentrations of ammonia-nitrogen
declined significantly early on in the experiment. The drum soil ammonia-nitrogen
concentrations were at a non-detectable level. At the start of the experiment, the soil
ammonia-nitrogen concentrations had been adjusted by the addition of ammonia-nitrogen
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to a starting concentration of approximately 375 mg/Kg in all the reactors except for the
"water only" control.
During the experiment a relatively rapid loss of ammonia-nitrogen occurred in the
main body reactors. The level of ammonia-nitrogen decreased to a concentration of
approximately 5 to 10 mg/Kg, by the 18th day. This value was determined using a
method where the ammonia-nitrogen concentration was determined by evaluating color
intensity. The lowest incremental steps using this method (Kessler's reagent) were 5
mg/Kg and 10 mg/Kg where the 5 mg/Kg value was a light yellow and the 10 mg/Kg
value was a yellow. The non-detect value was a clear color, and the next highest
comparative color value was a light orange at 40 mg/Kg.
The color resulting from the analysis was consistently between the light yellow
and yellow on the color comparison chart, indicating that the ammonia-nitrogen was at
least 5 mg/Kg, but likely no higher than 10 mg/Kg. Although this method was not
sufficiently rigorous or precise enough for some mass balance analyses, it was
satisfactory for this analysis. Given that the starting concentration was approximately
375 mg/Kg of ammonia-nitrogen, the ammonia-nitrogen analyses indicates that
approximately 370 mg/Kg of ammonia-nitrogen was lost during the first 18 days.
Subsequent chemical analyses of the main body soils at the 50th and 100th day of
the experiment did not indicate a change in the ammonia-nitrogen concentrations from
the 18th day. While the measured concentrations continued to be between 5 and 10
mg/Kg, they did not decrease to the non-detectable levels (dear color) of the original
drum soil. There were no detectable variations between soil samples, at least within the 5
to 10 mg/Kg range of detection.
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Analysis o f the ammonia-nitrogen concentrations from all of the controls
indicated that the ammonia-nitrogen concentrations remained near 375 mg/Kg in all of
the reactors. There was little loss of petroleum hydrocarbons in the three cyclical
temperature reactors. The loss o f petroleum hydrocarbons in the "water only" and
"nutrients only" reactors was also relatively low.
Nitrate-nitrogen was analyzed for and found to remain near 375 mg/Kg in all of
the reactors, including the main body bioreactors. Therefore, nitrate-nitrogen does not
appear to have been assimilated by microorganisms during the experiment. Because of
the upper detection limit of the test methods, however, it could not be ascertained
whether nitrate-nitrogen concentrations increased as a result of conversion of ammonianitrogen to nitrogen.
Although there may have been some loss of ammonia-nitrogen due to
volatilization and/or conversion to nitrates, this does not appear to be likely. The
volatilization of ammonia-nitrogen normally requires higher pH values than present in
the site soils, even though the initial soils were near pH 8.5. Additionally, the rate of
airflow was relatively low and the soils were contained in a closed reactor. The
production of biomass is an indication that ammonia-nitrogen was used to support cell
construction and/or the production of enzymes. Lastly, the controls had significant
ammonia-nitrogen remaining. Therefore, the ammonia-nitrogen lost should have been
incorporated into cell mass.
The literature suggests bacterial cells may be comprised of approximately 10 % to
16 % nitrogen, by dry weight (Shuler and Kargi, 1992c). The loss of ammonia- nitrogen
measured during this experiment was approximately 370 mg/Kg. The predicted biomass
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that should be supported with available nitrogen as determined from the "model"
equation using 10.9 % nitrogen was approximately 3,395 mg/Kg, or approximately 82 %
of the "model" predicted biomass production.
The calculated percentage of nitrogen in the biomass given above, however, does
not include any pre-existing organic nitrogen that may have been in either dormant or
dead cells in the soil prior to incubation. That is, the 370 mg/Kg of ammonia-nitrogen
that was consumed would have been in addition to any existing organic nitrogen that
would have been recycled as new cells began to grow under the addition of additional
carbon substrate. As a result, the percent nitrogen in each cell may be higher than
calculated above.
Using the "model" equation predicted biomass of approximately 4,167 mg/Kg, the
370 mg/Kg of ammonia-nitrogen would allow for a nitrogen percentage in the biomass of
8.9 %. If the 5,962 milligrams of biomass were produced, they would have had 6.6 %
nitrogen. In addition to unmeasured organic nitrogen, as has been mentioned previously,
psychrophylic and psychrotrophic bacteria in Antarctica are likely to be able to adapt to
and function under low nutrient conditions. As a result, the percentage of nitrogen given
above, while lower than those typically associated with bacteria are not unrealistic,
especially since a large fraction of the cell dry weight may be carbon storage product.
Carbon Storage
While the nitrogen available might be sufficient for biomass production using the
"model" equation, there is still an under measurement of the "model" predicted carbon
dioxide. The "model" equation and other simplified approximations for biological
decomposition of organic substrate assume that roughly half of the organic carbon goes
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to biomass. Bacterial cells are generally assumed to be composed of, approximately
50 % carbon by dry weight. This assumption often also supposes that microbial growth,
in terms of cell numbers, is limited by the availability of carbon substrate and that other
nutrients are not limiting. However, under conditions of nutrient limitation, such as the
absence of nitrogen, bacteria can consume organic substrate without replication.
This process has been described as oxidative assimilation. Replication o f cells
and the resulting increase in numbers of microorganisms is not observed. However,
significant increase in cell biomass is observed. The absence of a critical nutrient such as
nitrogen will negate the production of proteins and nucleic acids necessary for new cell
construction. However, the carbon can be stored as lipids and/or a polymer known as
poly-p-hydroxybutyrate. These products are synthesized from acetyl-CoA (Shuler and
Kargi, 19921; Vincent, 1988d).
As described previously, the degradation of petroleum hydrocarbon compounds
results in the production of fatty acids after implementation of Terminal Oxidation
(Figure 1-3). Acetyl Co-A is produced after the second step in the degradation process
which requires the implementation of Beta-Oxidation (Figure 1-9). When nitrogen is
exhausted in the environment, it is possible for microorganisms to use these materials to
create carbon storage products. This process has been identified as being common for
many psychrotrophic and psychrophilic bacteria. Pseudomonas has been specifically
identified as being able to accumulate poly-P-hydroxybuterate (PHB) as a carbon reserve
material (Galli, 1992; Riser-Roberts, 19958d; Shuler and Kargi, 1992b). Figure 3-2-21
shows two, potential carbon substrate-degradation pathways that are possible during the
degradation of petroleum hydrocarbon compounds.
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Figure 3-2-21. C arbon S u b stra te P athw ays
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TCA
Cycle

The first two steps in the petroleum hydrocarbon degradation process have to be
accomplished first. That is, the hydrocarbon has to be converted to a fatty acid molecule
with the production of acetyl Co-A. Then, depending upon the needs of the
microorganism, the acetyl Co-A molecule can be used in the generation of new cells or
can be converted to a storage product. The decision is often generated by a lack of
nutrient nitrogen for formation of new cells. It can also be a genetic response to provide
reserve carbon to survive in a carbon poor environment.
If creation of new cells is desired, the acetyl Co-A is channeled into the TCA
cycle. As the acetyl Co-A molecule is processed, 3 NADH2 molecules are produced,
along with I FAD Hi molecule and 1 GTP molecule. This energy is used in the formation
of ATP and to support other cell construction processes. For each molecule of acetyl CoA that is produced, two molecules of carbon dioxide are produced. Thus, during the
growth phase of a batch reactor, carbon dioxide is observed to be increasing
exponentially, and is usually evidence that microbial growth is occurring along with
processing of acetyl Co-A through the TCA cycle.
However, if sufficient nutrients to support new cell production are absent, or if the
microorganisms are deficient in carbon stores, an alternative pathway (oxidative
assimilation) may be implemented. In that case, the microorganism uses 2 acetyl Co-A
molecules produced from the beta-oxidation cycle, along with an input of energy in the
form of 1 molecule of NADH2 to produce a PHB carbon storage molecule. Each of these
molecules will be constructed of four carbon molecules. No carbon dioxide is generated
during this process. Figure 3-2-22 shows the formation process and molecular structure
o f a PHB lipid storage product molecule.
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Figure 3-2-22. Poly-H ydroxybutyrate Form ation
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Source: Gaudy and Gaudy, 1980f
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There was a lag phase noted during the experiment from the 18th to the 25th day,
as measured by carbon dioxide evolution (Figures 3-2-14 and 3-2-15). During that time
there was a leveling off in respiration following the decline from the first growth cycle.
During lag phases, bacteria are often observed to be accumulating biomass although not
replicating (Muller-Markgraff, 1995). That is, they are consuming carbon substrate and
incorporating it into their cells. This could occur while assimilating nitrogen, but also
without assimilating nitrogen. During lag periods microorganisms often grow in size as
they acquire biomass.
This may be a precursor to beginning replication and growth in numbers, or may
also be a function of responding to their environment. In particular, cold-adapted
microorganisms, such as those in Antarctica, often exhibit increases in cell size when
provided with a rich carbon source, or exposed to nutrient limitations (Galli, 1992;
Margesin and Schinner, 1994; Russell and Hamamoto, 1998). The growth in size is a
response to having to survive in an otherwise substrate poor environment. The first
priority for microorganisms in is to "fatten up" as opposed to reproducing.
The increase in cell size can also be a mechanism designed to attempt to recover
additional nutrients through expanded surface area. Under conditions of nutrient
limitation bacteria may increase in cell size in order to be able to come in contact with
additional nutrients, or possibly in the case of a microorganism such as Nocardia,
additional filaments may be produced and/or extended to search for nutrients.
The oxidative assimilation pathway has also been reported to be a response, to a
stressed environment such as a drop in environmental pH as was observed at Day 18 of
the experiment (Gaudy and Gaudy, 1980g).
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An additional fraction of the petroleum hydrocarbon loss may also have been as
biomass produced during the first growth cycle that was not estimated from the microbial
numbers, estimated cell volume, and carbon dioxide evolved during the second growth
cycle. After reaching the first peak in carbon dioxide evolution around the 8th or 9th day,
the production of carbon dioxide decreased to around the 18th day. During this period,
the microorganisms were probably undergoing endogenous decay.
During this phase, the cells would probably have been decreasing in numbers
and/or size. Carbon dioxide was evolved during that phase which represents loss of
carbon from the biological system. This carbon was not included in the mass balance
above. However, this evolution of carbon dioxide represents either recycling of dead
cells organic matter or drawing upon carbon reserves acquired in the first growth phase.
This biomass is released as carbon dioxide. Since the experiment evaluated loss of
petroleum hydrocarbons over two growth cycles in a closed system, this additional
biomass might appropriately be included in the overall mass balance.
Intermediate Organic Products

During the biodegradation of petroleum hydrocarbons, intermediate organic
compounds are produced that are not detectable as petroleum hydrocarbons through
typical total petroleum hydrocarbon analyses. For instance, the terminal-oxidation step in
petroleum hydrocarbon breakdown generates alcohols, aldehydes, and fatty acids, while
the beta-oxidation step produces acetyl-CoA. Biodegradation o f alkanes of Cio to Ci6,
the primary carbons contained in jet fuel, have been reported to produce carboxylic acids,
ketones, esters of aliphatic acids, succinyl-CoA, and amino acids, in addition to fatty
acids (Gaudy and Gaudy, 1980e; Riser-Roberts, 1998d,e; Shuler and Kargi, 1992i).
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Fatty acids may be incorporated into the cell lipids directly, or if enzymes and
bacteria are available that can sustain beta-oxidation, acetyl CoA can be made which can
subsequently be used in the TCA cycle. However, not all fatty acids are readily
assimilated into the cell. Also, if beta-oxidation does not take place, there can be an
excess of fatty acids, alcohols, and aldehydes. Even if beta-oxidation does take place,
there may be insufficient nutrients to fully utilize fatty acids.
Successful biodegradation o f petroleum hydrocarbons by Psuedomonas and
Rhodococcus, with good biomass production and carbon dioxide evolution, has been

reported to result in residual intermediate metabolites accounting for as high as 23% of
the hydrocarbon carbon (Riser-Roberts, 1998g; Shuler and Kargi, 1992i). Therefore, it is
not to be unexpected that the biomass produced, carbon dioxide evolved, and ammonianitrogen consumed would necessarily balance exactly.
Petroleum Hydrocarbon Balance Scenarios

The analysis and discussion provided above supports the interpretation that the
measured petroleum hydrocarbon loss (after allowing for volatilization losses) can be
explained by the measured carbon dioxide, most probable number of petroleum
hydrocarbon-degrading microorganisms that were determined, and measured loss of
ammonia-nitrogen. There are three possible scenarios.
Under the first, assuming that biomass production is limited by the availability of
ammonia-nitrogen, and using the "model" equation value of 0.109, approximately 3,395
mg/Kg of biomass were produced, or 82 % of the predicted biomass for a hydrocarbon
loss to biomass of 40 %. Approximately 25 % of the petroleum hydrocarbons were
converted to carbon dioxide as measured by evolved carbon dioxide. Therefore, 35 % of
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the measured total petroleum hydrocarbon is unaccounted for and would be assumed to
be intermediate organic products.
A second scenario assumes that the carbon dioxide measured should have been
higher. The relatively low level of carbon dioxide measured is likely due to unmeasured
carbon dioxide being converted to carbonic acid and then being precipitated as carbonate
in the alkaline soil. Using a 50:50 ratio of carbon to biomass and to carbon dioxide as
presented in the "model" equation, this would increase the carbon dioxide produced to a
level approximately equal to the 40 % accounting represented by the ammonia-nitrogenlimited biomass produced. The remaining approximately 20 % of the lost petroleum
hydrocarbon would be in the soil matrix as unused intermediate degradation products.
A third scenario is also possible. Assuming the estimated 5,962 mg/Kg of
biomass calculated based on estimated average cell volume and microbial numbers
approximately reflects actual conditions, the biomass can account for 73 % of the
petroleum hydrocarbon measured to be lost. Adding to that value the 25 % carbon
dioxide measured to be lost leaves a balance of approximately 2 % of the hydrocarbon
lost as intermediate degradation products.
Biotic Loss

Because the observed growth of microorganisms noted on the spread plates
(MPN) tests was in response to JP-8 as the only carbon source, it is reasonable to
interpret the growth of microorganisms and evolution of carbon as being due to
consumption of the petroleum hydrocarbons and not ambient organic carbon. Also,
volatilization o f JP-8 under the conditions o f this experiment does not appear to be
significant. This conclusion is based, in part on the analytical calculations, interpretation
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of the chromatograms, and the fact that there was not a consistent loss of petroleum
hydrocarbons in all of the main body reactors and control reactors. That is, if
volatilization was the major pathway for loss of the petroleum hydrocarbons, there should
have been a similar loss of petroleum hydrocarbons in all of the reactors.
It should be noted that even if petroleum hydrocarbons were effectively absent
from the soils, the results of the experiment still support the hypothesis that frequent
fluctuations of soil temperature above and below the freezing point inhibit microbial
activity and degradation of the organic substrate. This is because there was an observed
growth of microorganisms and measured respiration observed in the stable temperature
reactors while there was no observed respiration from the cyclical temperature (freezethaw) reactors. Even if the observed microbial activity were due to existing total organic
carbon alone, and there was no difference between the main reactors and the controls,
there should have been significant evolution of carbon dioxide noted from the cyclical
temperature reactors. Likewise, even if there was a high loss of petroleum hydrocarbons
due to volatilization, there is still a notable difference in respiration activity between the
main body, stable temperature reactors and the cyclical temperature reactors.
The mass balance provided suggests that the loss in petroleum hydrocarbon
concentrations is real. The actual, exact fraction of petroleum hydrocarbons that was
measured as having been lost due to biological processes may be argued. However, the
results of this research support the hypothesis that application of a stable temperature
does, in fact, promote biodegradation of petroleum hydrocarbons, as compared to cyclical
freeze-thaw temperatures, under otherwise similar conditions.
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Microbial System Dynamics

Although the mass balance presented accounts for the total petroleum
hydrocarbon measured as lost, the recorded observations did not follow the typical
responses expected for a batch reactor experiment. The data presented for several
parameters including, microbial population density (MPN), respiration (CO2 ), ammonianitrogen uptake, and petroleum hydrocarbon (TPH) concentration appears to be
somewhat contradictory. Figures 3-2-23, 3-2-24, and 3-2-25 show that peak microbial
activity, as measured by carbon dioxide respiration, and microbial population, occurred
after the bulk of the measured hydrocarbon loss while the ammonia-nitrogen was lost by
the first monitoring period.
Figure 3-2-23 shows that the bulk of petroleum hydrocarbon loss, as measured by
EPA Method 8100, modified, occurred by the 18th day of the experiment. There was
only a slight additional loss of petroleum hydrocarbons during the remaining 82 days of
the experiment. The measured carbon dioxide emissions from the reactors, however,
resulted in two peaks, one around the 8th day of the experiment and the second, larger
peak around the 58th day, long after the 18th day when the bulk of the petroleum
hydrocarbons were lost.
Additionally, Figure 3-2-24 shows a similarly perplexing response for microbial
population, as measured by most probable number, and the measured loss of petroleum
hydrocarbons. This figure shows that the greatest numbers of petroleum hydrocarbon
degrading microorganisms was measured on the 50th day, more than a month latter, with
virtually no additional loss in hydrocarbons.
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Figure 3-2-23. TPH and Carbon Dioxide
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Figure 3-2-24. TPH and MPN

The apparent loss of ammonia-nitrogen, however, as shown on Figure 3-2-25,
does appear to correlate with the apparent cessation of total petroleum hydrocarbon
depletion. The microbial population growth rate in a batch reactor usually accelerates as
the carbon source is consumed with a correlating increase in carbon dioxide
concentrations from the increased cell biomass. After depletion of the bulk of the carbon
source, and/or limiting nutrients, the rate of cell growth decreases and subsequently
declines along with an associated decrease in respiration rate. The decline in microbial
population is the result of insufficient growth substrate to maintain the cell population.
Cells begin to die and the remaining cells live at the expense of the dead cells (Metcalf
and Eddy, 1991c).
Although the carbon substrate does not appear to have been depleted, the
ammonia-nitrogen appears to have been. Therefore, the peak microbial numbers (MPN)
and respiration rate (CO2 ) should coincide with the minimal concentration limiting
nutrient, ammonia-nitrogen. Typically, in a simple batch reactor experiment, it might be
reasonable to expect a relatively synchronous display of peak values. Since this
synchronous cessation of apparent microbial activity and depletion of ammonia-nitrogen
was not observed in this experiment, there must be another mechanism at work. The data
suggests that there are two variables that could have impacted total petroleum
hydrocarbon degradation and/or the observed microbial growth and respiration.
Limiting Nutrient Depletion

The most obvious cause of the cessation of total petroleum hydrocarbon
degradation, as inferred by the minimal loss of total petroleum hydrocarbons noted after
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Figure 3-2-25. TPH and Ammonia-Nitrogen

the 18th day of the experiment, is the depletion of ammonia-nitrogen. Since nitrogen is
needed by microorganisms to create new cells, its exhaustion should stop microbial
growth. The carbon dioxide data, in particular, show that there was an apparent growth
phase of microorganisms that appeared to terminate sometime between the 8th and 11th
day of the experiment. When reactor soils were analyzed for ammonia-nitrogen on the
18th day of the experiment, the ammonia-nitrogen concentration in the soil was nearly
depleted to between 5 and 10 mg/L. Subsequent analyses on the 50th and 100th day of the
experiment did not result in significant additional losses of total petroleum hydrocarbon
from the soil.
The ammonia-nitrogen concentrations did not drop to lower, or non-detect,
concentrations during those two sampling intervals. Therefore, it might be argued that it
was the total petroleum hydrocarbons, or carbon substrate, that limited microbial growth.
However, the relatively low levels of ammonia-nitrogen may represent the threshold
concentrations of ammonia-nitrogen in soil. That is, although present in the soil, its
relative concentration is too low to be readily utilized by a large microbial community.
Nonetheless, it is perplexing that both carbon dioxide evolution and increase in
microbial numbers, as determined by plating and estimating by the MPN method
continued to increase after the apparent depletion o f ammonia-nitrogen. The evolution of
carbon dioxide and the most probable number o f bacteria in relation to ammonia-nitrogen
as shown on Figures 3-2-26 and 3-2-27. Based upon this response, it is not entirely clear
that ammonia-nitrogen depletion was a limiting factor to microbial growth.
It is possible that depletion of high levels of ammonia-nitrogen could have
resulted in the cessation of the first observed growth phase. However, this depletion
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Figure 3-2-26. Carbon Dioxide Production and Ammonia-Nitrogen Concentration
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Figure 3-2-27. Most Probable Number and Ammonia-Nitrogen

could have forced a shift in the microbial dynamics to a state of oxidative assimilation.
This response has been observed, where microorganisms run short of an essential nutrient
such as nitrogen but still have an available supply of carbon substrate. Microorganisms
will continue to assimilate carbon, but place it into storage within the cell instead of
replicating. However, this would not account for the second observed growth phase.
It is possible however, that after the endogenous phase o f the first growth cycle
that nitrogen was subsequently recycled from dead cells. That is, ammonia-nitrogen may
have been removed from the system during the first phase by the indigenous
microorganisms that had been nitrogen poor and incorporated into cellular enzymes and
cell structure. This organic nitrogen could have been available for subsequent usage by
other microorganisms. The dead cells may have provided a pool of nitrogen that
supported microbial activity in the lag phase and the second growth phase. Unfortunately,
while ammonia-nitrogen was measured during the experiment, organic nitrogen was not.
Therefore, the availability of this nitrogen could not be assessed.
The microorganisms responsible for the second growth phase may have been the
original consortia that had to adapt to a new method of retrieving the available nitrogen
or a new group of microorganisms that could have used the nitrogen in the dead cells. It
is also possible that during the lag phase, the microorganisms were reconfiguring their
internal cell mechanisms to adapt to reduced nitrogen availability. That is different
enzymes may have been produced that would have allowed resumed growth, but with a
lower nitrogen concentration. It has been reported that psychrophylic and psychrotrophic
bacteria are able to rapidly turnover nitrogen stores for enzyme production (Gounot,
1991; Margesin and Schinner, 1994; Russell and Hamamoto, 1998).
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Change to Environmental pH
A second possibility for the observed dual peaks in carbon dioxide respiration,
and the observed petroleum hydrocarbon concentrations is that the microbial population
experienced a change in the environmental pH. During the first growth phase, the
respired carbon dioxide would have potentially reacted with water in the soil matrix.
This reaction would have formed carbonic acid. That acid would have contributed to a
decline in pH of the soil/water matrix. Also, conversion of ammonium ion to ammonia
would have released hydrogen ions, thereby, lowering the pH. Figure 3-2-28 shows that
the first carbon dioxide respiration decline appeared to occur somewhat concurrently with
the observed sharp decrease in soil pH noted on the 18th day of the experiment. A drop in
soil pH, therefore, may have had an adverse affect on the microbial community.
Initially, the petroleum hydrocarbon-degrading microorganisms appear to have
been able to degrade the petroleum hydrocarbons present. This resulted in an increase in
microbial numbers, as determined by MPN count on the 18th day, and the increase in
carbon dioxide respiration noted up to, or just beyond the 8 to 10h day. However, due to
the degradation of petroleum hydrocarbons, there may also have been an excess of
organic acids, an intermediate product of petroleum hydrocarbon break down, produced.
While many microorganisms can use organic acids as a source of food, if an excess of
organic acids accumulate, the soil/water pH will decrease.
At the 18th day of the experiment, the pH was recorded as decreasing from an
average for five reactor samples from 8.6 to 7.4. While a neutral pH is not normally
considered to be adverse to bacteria, the greater than one order in magnitude in pH over a
relatively short time may have been detrimental. A significant drop in pH can be

272

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

o

o
o

CM

zoo

o

00

Figure 3-2-28. pH and Carbon Dioxide Production

CO

o

o

o

CO

o

CM

Time Since Start of Experiment

(Abq/6ui)
o

O)
CD

S3

CL

CO

cd

O)

CO

273

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

disruptive to cell function by upsetting the hydrogen ion gradient across the cell
membrane resulting in cell deaths.
The change in pH may also have had an impact in changing the microbial
community. For instance, while a near neutral pH is not normally considered to be
adverse, some Antarctic microorganisms are reported to be alkaliphiles, or
microorganisms that grow best over a range of pH from 7.5 to 11.5. These
microorganisms are reported to grow best at a pH around 9.5 (Todar, 1999). If the pH
drops to the range of 7.5, it is in the vicinity of the minimum pH for those
microorganisms. If there was a shift in the predominant microorganism group or type
related to environmental change, this also could have resulted in a decline of the initial
population noted by the end of the first growth phase.
Degradation Product Toxicity

In addition to the two most obvious possible impediments to sustained microbial
growth, organic acids themselves may have been an impediment to continued microbial
growth along with accumulation of primary alcohol and/or phenol. Some intermediate
products of petroleum hydrocarbon degradation have been reported to be toxic to many
microorganisms.
For instance, the first steps in hydrocarbon degradation result in the formation of
alcohols, aldehydes, and fatty acids through terminal oxidation of the hydrocarbon
molecule. However, if a second process, called "beta oxidation", is lacking or is slow to
proceed, alcohol and fatty acids may accumulate. It has also been noted that oxidation of
aromatic hydrocarbons results in phenols and benzoic acid. This accumulation of
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primary alcohol, fatty acids, and phenols may have resulted in intermediate compound
toxicity that inhibited cell growth and viability (Riser-Roberts, 1998g).
Diauxic-Like Growth

Another possible explanation for the observed respiration and growth patterns,
including observations of total petroleum hydrocarbon concentrations is that the
hydrocarbon degrading microorganisms in the batch reactor were experiencing diauxiclike growth pattern. That is, there was a change in the primary substrate that the
microorganisms were consuming and/or encountering a limiting nutrient availability. For
instance, studies of many biochemical reactions evaluate one compound such as glucose.
That usually results in the typical batch reactor bell shaped growth curve. However, if
several growth substrates are included, such as glucose and starch, a different growth
curve is observed. During depletion of the readily degraded glucose, the microbial
population rapidly increases, and then begins to decrease, as the glucose is exhausted
(Panikov, 1995b; Shuller and Kargi, 1992d).
The microorganisms then begin to shift to degrading the relatively more complex
starch, forming intermediate products. During this time, there may not be any observed
increase in microbial numbers. After adjustment to the new substrate, the microbial
numbers again increase. This increase continues even after the starch is exhausted. The
microorganisms are using the intermediate products of starch break down. After
exhaustion o f the intermediate break down products, the microbial growth ceases and
begins to decline (Panikov, 1995b; Shuller and Kargi, 1992d).
The bacterial population and carbon dioxide respiration data compared to
petroleum hydrocarbon concentration data suggest that a pattern of growth, similar to
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diauxic growth, may have taken place. This is shown on the plot of Figure 3-2-23. An
early carbon dioxide peak is shown at, or just after, the 8th day, with a rapid decline to
around the 18th day. This is followed by a relatively steady state lag period until after the
26th day when the most prolonged and pronounced of the two peaks occurs around the
58th day. A similar situation is shown for microbial numbers on Figure 3-2-24, where the
peak bacterial population occurs around the 50th day.
Although more frequent sampling and analysis may have allowed more definitive
information of the biochemical reactions, the apparent near maximum decrease in
petroleum hydrocarbons by the 18th day may suggest that actual depletion may have
occurred around, or shortly after, the 8lh day when carbon dioxide respiration first
peaked. This probably represents degradation of the measurable total petroleum
hydrocarbons, but not complete utilization of all intermediate, petroleum hydrocarbon
degradation products. The total petroleum hydrocarbons were likely not completely
degraded, but mostly converted to alcohol, aldehydes, or fatty acids. These intermediate
products became the new growth substrate that was used to support new growth.
The microorganisms could also have been responding to depletion of ammonianitrogen. After the noted declining respiration phase from some time after the 8th day to
the 18th day of the experiment, the microorganisms may have been adapting to operating
in a nitrogen-limited environment during the lag phase from the 18th day to the 26th day
of the experiment. This adaptation could have been accomplished by adjusting internal
cell structure and/or production of new proteins and enzymes. Then after a period of
what appears to be a "steady state" growth from approximately the 18th to the 26th day,
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the microbial population began the second growth phase as noted by the second increase
in carbon dioxide respiration and the further increase in microbial numbers.
Competing Microbial Communities

In addition to adapting to a changed environmental condition, the observed
patterns of microbial growth, respiration, and hydrocarbon depletion may indicate that
there were two or more groups of microorganisms competing within the soil reactors.
This competition may be in response to the variables described above including changed
nutrient conditions, pH, and/or substrate.
Various groups of microorganisms have developed operational strategies for
survival and growth in the environment. Microorganisms adapted to life in Antarctica are
likely to be able to function in adverse environmental conditions, including unfavorable
moisture, temperature, salinity, pH, lack of nutrients, and periodic conditions of
starvation. On the other hand, in the presence of excess carbon and nutrients other
microbial groups, possibly naturally occurring in low numbers, or introduced in
contaminated fuel supplies may predominate.
For example, several groups of microorganisms, such as Rhodococciis,
Arthrobacter, and Micrococcus may initially have been more successful than other

groups of microorganisms in the soil growing on the introduced hydrocarbons. These
groups of microorganisms are known to be resistant to starvation conditions (low carbon
and nitrogen availability), alkaline pH, desiccation, and salts. After the addition of a
new carbon source (fresh JP-8) and nutrients these groups of microorganisms to rapidly
grow.
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However, over time, the environmental conditions may have become more
adverse for this group of microorganisms. This may have included a combination of
factors including a depletion of the more easily degradable fraction of hydrocarbons,
decrease in ambient soil pH, a lessening of the available nutrient concentrations, or a
change in the available carbon substrate form. One or more other groups of
microorganisms that were more adapted to the changed environmental conditions may
have succeeded the first group. For instance, Pseudomonas, and or Nocardia may have
been better able to grow in the more neutral pH environment and on intermediate fatty
acids.

Interpretation of Hydrocarbon Loss Data

All of the various situations described above may account for some aspect of the
observed microbial response, measured loss of petroleum hydrocarbon, and loss of
ammonia-nitrogen. Evaluation of the data suggests that there were three distinct periods
of microbial growth during this experiment. These periods are shown on Figure 3-2-29
and are discussed below.
The first phase, as interpreted by the first increase in carbon dioxide evolution,
indicated that the microbial population was responding to the influx of petroleum
hydrocarbon substrate and nutrients, primarily ammonia-nitrogen. During this phase, the
microorganisms readily used the carbon and ammonia-nitrogen to achieve some growth
in cell numbers as suggested by the exponential growth curve exhibited by carbon
dioxide evolution.
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Figure 3-2-29. Microbial Activity P h a se s
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However, this first phase of microbial activity probably consisted primarily of terminal
oxidation of the petroleum hydrocarbons. Oxidation of the petroleum hydrocarbons
produced fatty acid intermediates, with the generation of relatively low levels of energy
in the form of one NADH2 molecule per hydrocarbon molecule oxidized. The energy
derived supported some growth, and probably supported the incorporation of the
available smaller chain n-alkanes or side chains o f the branched alkanes into cell mass.
However, as evidenced by the limited mass of carbon dioxide evolved, the growth
was modest, probably in part, since beta-oxidation was not being performed, and
maximum use of the TCA cycle was not being realized. When the readily oxidized
hydrocarbon molecules had been modified through terminal oxidation and the available
ammonia-nitrogen and/or easily utilized hydrocarbons were exhausted, the first growth
phase ceased.
After the first 8 to 10 days of the experiment, tnere was also likely an
accumulation of hydrogen ions that suppressed the soil water pH. This pH decline was
likely, in part, generated by the production of carbon dioxide, which formed carbonic
acid as the gas mixed with the soil water. Additionally, hydrogen ions released as a result
of uptake of ammonium ions by the microorganisms, also probably contributed to the pH
decline. However, the most likely greatest contributor to pH drop was the generation and
accumulation of fatty acids in excess of what could be converted to useful purposes.
Since fatty acid production is a product of terminal oxidation, unless betaoxidation takes place to convert the acids to acetyl Co-A, they will accumulate. As they
do so, they will change the pH of the soil environment and/or prove toxic to the
microorganisms. The conversion of petroleum hydrocarbon molecules to fatty acids can
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explain the loss of petroleum hydrocarbons that was observed on the 18th day of the
experiment. This also helps to explain the drop in pH and the loss of ammonia-nitrogen.
The second phase of microbial activity is represented by an intermediate
stationary or lag phase o f carbon dioxide evolution. This period lasted from
approximately the 18th to the 26th day of the experiment. During this time, carbon
dioxide evolution leveled off from the decline noticed after the first peak and remained
relatively steady for approximately 10 days. During this period, and possibly during the
declining phase of the first growth cycle, the microorganisms were probably adjusting to
their new environment, both in terms of changed pH and carbon substrate (fatty acids).
They probably began generating enzymes capable of performing beta-oxidation. After
these enzymes had been produced in sufficient quantity, the microorganisms could begin
using the available pool of organic acids as growth substrate.
This period of change may also represent a change from one community of
microorganisms such as Arthrobacter or Rhodococcus, which may thrive in higher pH
environments or under poor nutrient and substrate conditions, to another community of
microorganisms. This second community of microorganisms could be similar to those
such as Pseudomonas, or Nocardia, which may respond better in moderate pH soils, and
organic acids as a growth substrate. These microorganisms would then dominate in the
microbial ecosystem (Panikov, 1995c).
However, the use of the fatty acid intermediates probably did not result in
immediate growth. Instead, it appeared that microorganisms diverted acetyl Co-A that
may have been produced from newly initiated beta-oxidation to the formation of carbon
storage products such as PHB. This is suggested by the relatively low evolution of
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carbon dioxide for a period of time (approximately Day 18 to Day 26) prior to onset of
the second growth phase. There is no carbon dioxide released as a consequence of betaoxidation or production of PHB. Some carbon dioxide would still be released as the
microorganisms maintained life processes, however.
Two factors could have contributed to the stationary, lag phase. Without
additional ammonia-nitrogen readily available, the microorganisms could have begun
assimilating carbon into their cells without replicating. This process of oxidative
assimilation has been shown to occur with certain microorganisms when nitrogen
becomes limiting. A second initiator can be a change in their environment, such as
occurred with the drop in pH. A shock to the microbial environment has been suggested
as a contributor to initiation of oxidative assimilation.
Both of these circumstances would have resulted in cells increasing their biomass
as a result of carbon uptake during the lag phase without an observed increase in carbon
dioxide evolution. This process may have continued until the cells reached a maximum
size. Also during the lag phase, the microorganisms may have reconfigured their cell
processes to operate at lower nitrogen concentrations. This is another characteristic of
the stationary or lag phase of microbial growth.
The third phase o f microbial activity is represented by the largest increase in
carbon dioxide evolution from the 26th day to around the 61st day of the experiment. At
that point, the microorganisms may have begun to replicate and growth was observed as
inferred by the exponential increase in evolution of carbon dioxide. The evolution of
increased carbon dioxide also suggests that the cells switched to using acetyl Co-A in the
TCA cycle. However, there was no additional source of ammonia-nitrogen noted to
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support this growth phase. Also, there was no significant, large, additional decrease in
petroleum hydrocarbon concentrations.
Because there was no additional loss o f ammonia-nitrogen noted, the nitrogen for
this growth most likely came from stores within the cells themselves. If the nitrogen
content of the individual cells had been relatively high after early uptake of the available
ammonia-nitrogen, some of that nitrogen could have been used to form new cells, with
resulting lower nitrogen content in each cell. It may be possible that nitrogen previously
removed from the system to form various enzymes were released back into the
environment. For instance, extra-cellular enzymes that were no longer needed for betaoxidation could be incorporated into the cell as proteins for cell structure as the fatty
acids were depleted.
The fact that relatively little additional petroleum hydrocarbon loss was noted
during this third phase, and significant evolution of carbon dioxide was observed, the
microorganisms were most likely consuming the fatty acids previously produced during
the first phase, terminal oxidation process. Because there was a significant evolution of
carbon dioxide, it is likely that the microorganisms were allocating the acetyl Co-A that
was produced to the TCA cycle where significant quantities of energy were produced in
addition to production of carbon dioxide. After exhaustion of the available fatty acid
substrate, or possibly, at the lower limit of extending nitrogen through enzymes
recycling, etc. the second growth phase ended.
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CHAPTER 4

CONCLUSIONS

The results of this research support the hypothesis that it is frequent, cyclical,
temperature shifts above and below the freezing point that are inhibitory to biotic losses
of petroleum hydrocarbon in the form of jet fuel JP-8 in Antarctic soil. Both Experiment
#1 and Experiment #2, conducted during this research, resulted in statistically significant
reduction of JP-8 petroleum hydrocarbons that could be attributed to biotic activity. This
biological reduction of JP-8, measured as total petroleum hydrocarbons, was facilitated
by incubation of the native soils and indigenous microorganisms at a stable, temperature
with the addition of nutrients and water. The key variable was the stabilization of soil
temperature at a point, albeit relatively low, above freezing.

Findin 2 s
This research resulted is several findings that are considered to be significant and
have the potential to impact biological remediation of petroleum hydrocarboncontaminated soils at other cold region sites. These include the observation that a stable
temperature above freezing is more important than periodically warm temperature or
local soil temperature maximums. Additionally, at any petroleum contaminated soil site,
there are likely to be indigenous microorganisms that are capable of biologically
eliminating a large fraction of the released petroleum hydrocarbon in the soils. Also,
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although the rate of metabolism may be slow, biotic loss of petroleum hydrocarbons can
occur even in conditions o f nutrient limitation lower than traditionally thought to be
optimal. Lastly, this research indicates that an analytical equation that has been
developed by others can be used to approximate petroleum hydrocarbon volatilization
losses from soil.
Temperature Stability

The major finding of this research is that it appears that the most significant,
environmental variable limiting on-site microbial utilization of the spilled hydrocarbons
in Antarctica, and possibly other cold regions, is the frequent diurnal fluctuation in soil
temperatures. This experiment successfully achieved significant reduction in
hydrocarbon concentrations through biodegradation under a relatively low temperature
during two batch biological reactor experiments. The key variable was the stabilization
of temperature at a point above freezing. There was a statistically significant reduction in
total petroleum hydrocarbon concentrations in soils incubated in reactors kept at a
constant temperature as compared to those that were varied in temperature, cycling from
above to below freezing, several times per day. Relatively low temperatures, per se,
therefore, do not appear to be critical to the microorganisms using the petroleum
hydrocarbons as the growth substrate.
That the loss was due to microbial activity was supported by several observations.
This included evolution of carbon dioxide from soil contained in reactors incubated at
stable temperatures, concurrent with significant total petroleum hydrocarbon loss. There
was no detectable evolution of carbon dioxide from the cyclical fluctuating temperature
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control reactors, concurrent with relatively minimal decrease in total petroleum
hydrocarbon concentrations.
Soils that had measurable total petroleum hydrocarbon loss and carbon dioxide
evolution also exhibited significant increase in microbial numbers over the course of the
experiment. The microbial numbers in incubated soil were determined using JP-8 as the
only carbon substrate. This indicates that the microorganisms responsible for the
evolution of the measured carbon dioxide from the soil in the stable temperature reactors
were petroleum hydrocarbon (JP-8) degrading microorganisms.
The loss of petroleum hydrocarbon compounds consisting of various numbers of
carbon atoms, as indicated by review of the total petroleum hydrocarbon chromatograms,
also suggested that there was a loss of JP-8 hydrocarbon, and that the evolution of the
carbon dioxide was not from metabolism of background total organic carbon. There was
significant reduction in the /j-alkane indicator compounds from the stable temperature
main body reactors, while there was virtually no reduction in the n-alkane carbon
indicator compounds from the cyclical, fluctuating temperature control reactors. If
background total organic carbon had been the primary carbon substrate supporting
growth, there would have been minimal, if any loss of the indicator «-alkane compounds.
This research has also demonstrated that volatilization of JP-8 did not result in
significant loss of total petroleum hydrocarbons. Review of the total petroleum
hydrocarbon chromatograms revealed that carbon compounds (/i-alkanes) of higher
carbon numbers were noted to have been lost in greater percentages than carbon
compounds of intermediate carbon numbers. If the loss had been due to volatilization,
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there should have been a consistently proportional decreasing loss of the n-alkanes with
increasing number of carbon molecules in the hydrocarbon compound.
Volatilization was also shown to have been minimal by comparing the total loss
of hydrocarbon from the stable temperature, main body reactors and the cyclical,
fluctuating temperature reactors. The average total loss of total petroleum hydrocarbons
from the later reactors was less than the minimal, theoretical calculation of JP-8
hydrocarbon loss. If total petroleum hydrocarbon loss was due primarily to volatilization,
the final concentrations of the temperature control reactors should have been similar to or
higher than the main body soil reactors due to cyclical increases to 10° C.
Indigenous JP-8-Deerading Microorganisms

This research suggests that the microorganisms capable of degrading the JP-8 jet
fuel exist on-site in Antarctica. During this research, care was exercised in order to
ensure that cross contamination of shipped, Antarctic soil used in the incubation
experiment did not occur. Evidence to support this conclusion is based upon the
culturing of the soil microorganisms on JP-8 as the sole carbon source with observed
rapid growth. Also, control plates did not exhibit any evidence of microbial growth in
the JP-8 used for the carbon source, or resulting from the sterile procedures employed
during soil and reactor preparation.
The microorganisms in the soil used in the experiments also appear to be
genetically adapted to functioning in the Antarctic environment, at cold temperatures.
The microorganisms contained in the drummed soil used for this research responded
relatively rapidly to application of additional fresh, sterilized JP-8, in addition to
degrading the existing JP-8 contamination in the soil. If the microorganisms responsible
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for degrading the JP-8 had been laboratory contaminants, it is not likely that the response
to JP-8 as the sole carbon substrate would have been as rapid at the relatively low
incubation temperatures used.
This research appears to be the first successful larger scale experiment that clearly
demonstrates reduction of hydrocarbon concentrations using on-site soils and indigenous
microorganisms in an environment that is similar to possible full scale field
biodegradation projects. Previously, limited investigations had been conducted using
petroleum hydrocarbons and Antarctic soils and microorganisms. However, these studies
were limited to culturing of soil microorganisms by plating of soil solutions, and smallscale radio labeled respiration experiments carried out in flasks, have been conducted
using Antarctic soils. The one known larger scale, on-site pilot scale experiment that was
conducted was unsuccessful.
Available Moisture
This research indicates that rapid biodegradation of high concentrations of JP-8
may be difficult without the additional water and nutrients. Of these variables, the most
critical may be the availability of water. The water only and nutrient only controls both
exhibited an average decrease in total petroleum hydrocarbon concentrations noticeably
greater than the cyclical, fluctuating temperature control, but much lower than the main
body soil reactors. The certainty of the measured decline for the water control was not
clear since the statistical analysis did not result in a certain conclusion concerning the null
hypothesis. The results of the statistical evaluation could, however, be interpreted to
imply that there was a significant effect due to water only. A review of the carbon
dioxide evolution shown on Figure 3-2-16 shows that there was an initial peak in carbon
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dioxide evolution from the water only reactors that was not noted for the nutrient only
reactors. This peak in carbon dioxide may represent a similar phase to that o f the main
body bioreactors, where the first peak is interpreted to be degradation of the more readily
degraded hydrocarbon compounds, using terminal oxidation. However, because of a lack
of sufficient fatty acids, or nutrients, the second growth phase did not occur. Nonetheless,
it appears that if sufficient water is present, degradation can occur even without
additional nutrients being added.
Stability of soil temperature at a point above freezing, i.e. liquid, may play a key
role in making water, a vital component of microbial degradation of organic substrates,
available to the soil microorganisms. The cyclical freeze/thaw temperature control
reactors did not show any loss of hydrocarbons due to microbial activity even though the
soil in those reactors received both additional water and nutrient. A key aspect, in
addition to temperature stresses on the microorganisms, may have been the intermittent
availability of water due to periodic freezing. Although the nutrient only control was
intended to be relatively dry, it did have ambient water, but at a lower percentage than
other reactors. However, even though the reactors for those controls were incubated at a
stable 7° C temperature, they did not exhibit significantly greater loss of petroleum
hydrocarbons than the water only control reactors.
Ammonia-Nitrogen
The addition o f nitrogen, most optimally in the form of ammonia-nitrogen is also
likely to be beneficial to degradation of petroleum hydrocarbons. While the water only
controls did exhibit some loss of petroleum hydrocarbons, and microbial activity, as
indicated by the evolution of low levels of carbon dioxide above atmospheric background
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concentrations, the loss was significantly less than that for the main body reactors. Thus,
while rapid, frequent fluctuations of soil temperature above and below freezing are the
primary inhibitor to microbial degradation of JP-8 in Antarctic soil; and the presence of
sufficient water is necessary for basic microbial attack on the petroleum hydrocarbons;
the adequate nitrogen is likely to accelerate that degradation.
However, the concentrations of ammonia-nitrogen may not need to be at the
levels typically thought of to foster biodegradation of organic material. Many
psychrophylic and psychrotrophic microorganisms are capable of efficiently recycling
available nitrogen for necessary enzyme production. They are also capable of storing
carbon as lipid products, through formation of poly-beta-hydroxybutyrate under
conditions of nutrient (nitrogen) limitation. Since volatilization did not appear to be a
major factor in JP-8 loss during this research, it is very likely that the petroleum
hydrocarbon that was not accounted for as carbon dioxide went into cell mass.
A comparison of the mass of carbon dioxide evolved during Experiment #2 with
the carbon dioxide evolution that would have been anticipated using a standard,
stoichiometric equation for complete metabolism of petroleum hydrocarbon could
account for only 50 % of the expected carbon dioxide. However, the number of
microorganisms detected in the soil near the peak of growth, and an estimate of possible
maximum cell volumes, resulted in a potential biomass almost 41 % greater than that
anticipated using the same equation (5,962 mg/Kg compared to 4,237 mg/Kg).
The measured amount o f ammonia-nitrogen lost could account for only
approximately 3,400 mg/Kg of biomass using the same equations stoichiometric
ammonia percentage. Even if some of the carbon dioxide evolved had escaped detection
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or was precipitated as carbonates, the biomass produced appeared to be greater than that
mass that could be supported using the standard nitrogen fraction. The 4,237 mg/Kg and
5,962 mg/Kg of biomass would have required 458 mg/Kg and 634 mg/Kg of ammonianitrogen at the stoichiometric value dictated by the petroleum hydrocarbon metabolic
equation. Therefore, it appears that the microorganisms responsible for the loss of the
total petroleum hydrocarbons could accomplish metabolism at lower concentrations of
available nitrogen.
Hydrocarbon Volatilization Equation

The results of this research also support the use of an analytical equation for
estimating the volatilization of petroleum hydrocarbons from soil. The predicted
volatilized mass from Experiment #1 was close to the measured mass of total petroleum
hydrocarbons from the sterile soil, volatilization control reactors. While there was no
volatilization control for Experiment #2, the predicted petroleum hydrocarbon mass loss
was close to that measured loss from the temperature controls. Since the temperature
controls did not exhibit any carbon dioxide above atmospheric background levels, the
loss can be assumed to be from volatilization. The temperature controls acted as a
surrogate volatilization control in addition to the control to evaluate the effects of cyclical
freeze/thaw temperatures on biodegradation.
Effective Biodegradation Temperature

An additional finding of this experiment is that rapid microbial degradation of
hydrocarbons can be achieved at temperatures lower than typically thought to be practical
for use in bioremediation projects. Significant petroleum hydrocarbon loss appeared to
occur relatively rapidly, within approximately eight to ten days, with the associated
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apparent loss of petroleum hydrocarbon degradation products serving as additional
growth substrate occurring within approximately eight weeks at a relatively low
temperature of 7° C. This time frame observed for degradation of the petroleum
hydrocarbon and the degradation products was well within the austral summer limits.
Although the incubation temperature used in this research was much lower than
typically used for biodegradation projects, the degree of hydrocarbon loss and rate of loss
compares with hydrocarbon loss in soils in temperate regions. From this research, it
appears that the indigenous microorganisms are genetically adapted to their environment.
That is while degradation at cold temperatures in temperate regions may not be
successful, it may be because the microorganisms in the soil genetically expect warmer
temperatures. The microorganisms in the Antarctic soil may be programmed to view the
relatively cold temperatures as relatively warm (Margesin and Schinner, 1994).

Full Scale Biodegradation Potential

Based upon the results of this research, it appears that on-site bioremediation of
petroleum contaminated soils at Antarctica can be accomplished using microorganisms
native to the Antarctic soils. The experimental results demonstrate that if the
microorganisms are provided a specific set of environmental conditions, a significant
percentage of any accidentally released petroleum hydrocarbons are likely to be removed
by bioremediation using these indigenous microorganisms. However, a limitation of this
experiment was that the hydrocarbon concentration reduction achieved during this
experiment was accomplished using sealed reactors with the experiment running in a
batch mode. This precluded the easy addition of more nutrients, pH adjustment, mixing
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of soils to distribute microorganism and hydrocarbons, etc, without the risk of
introducing cross contamination.
The batch reactor experimental design was done to ensure the integrity of the
microbial population. However, in doing so, it is likely that some petroleum hydrocarbon
was not available for use by microorganisms. That is, after mixing of the hydrocarbon
and soil, and placement in the reactor, some o f the hydrocarbon would be inaccessible to
air and microorganisms. In any soil profile or matrix some of the pore space will be
closed. The "effective" soil pore space will usually be less than the "total" soil pore
space. After the soils are removed from the containers and sampled, the non-accessible
hydrocarbons will tend to bias the measured hydrocarbon losses through biodegradation
to the low side.
Additionally, since petroleum is hydrophobic, the microorganisms can only
access the hydrocarbon at the petroleum-water interface. If there is not adequate mixing
of petroleum-contaminated soil and water, biodegradation will be limited. Also, since
some microorganisms are not very motile, if they are not already present in sufficient
numbers, at a given location in the soil matrix, significant biodegradation may not occur
at that location within the soil. Lastly, the three key requirements for biodegradation,
water, nitrogen, and oxygen, may be limited at certain locations within the soil, if not
within the soil matrix as a whole. Biodegradation at those locations within the soil will
be limited and when the soil sample is analyzed as a whole, a bias toward lower observed
biodegradation will occur.
The percentage of total petroleum hydrocarbon loss might be higher during
implementation of actual full-scale biodegradation projects. Enhancement of soil
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temperature can be achieved in cold climates relatively cost-effectively through the use of
a low profile, green house-type structure (Debevec, 1993). Field implementation of
petroleum hydrocarbon contaminated soil remediation would allow for additional input of
nutrients, moisture, pH adjustment, and mixing to maximize microbial potential to
degrade the hydrocarbons in the soil. Therefore, it may be possible to achieve higher
petroleum hydrocarbon removal percentages under full-scale conditions.
However, even though higher petroleum hydrocarbon losses are anticipated
during pilot and/or full-scale bioremediation, the total hydrocarbon loss will likely be less
than 100 %. Published analyses of the lighter fraction petroleum hydrocarbons including
jet fuel (JIM) through No. 2 diesel fuel indicate that approximately 30 to 35 % of the
hydrocarbons are cycloalkanes .
Published literature also suggests that while the straight and branched alkanes,
and the aromatic fractions are likely to be biodegradable and/or volatile, the bulk of the
cycloalkane hydrocarbons are likely to be recalcitrant to microbiological metabolism due
to their structure. Many of the cycloalkanes are reported to be toxic to microorganisms.
While some of the cycloalkanes are known to be biodegradable, there is a requirement for
an additional growth substrate (carbon source) and several groups of microorganisms.
That is, destruction of these compounds occurs through co-metabolism and a consortium
of microorganisms.

Recommendations
This research successfully demonstrated that petroleum hydrocarbon degradation
with indigenous microorganisms in Antarctic soil is possible, at a relatively low
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temperature, providing that temperature stability can be maintained. However, there are
several areas that merit further research.
The first recommendation is that this research should be repeated, but at a larger
scale. An experiment should be conducted in a manner that would allow manipulating
the petroleum-contaminated soil without compromising the makeup of the microbial
community and minimizing volatilization. This larger scale experiment might be a
modified land farming operation with the contaminated soils being contained within a
cold frame like structure. The bottom of the cold frame could be insulated, while the top
covered in clear plastic. The experiment could be conducted in a temperate region during
winter, using contaminated cold region soils.
Manipulating the soils would facilitate mixing of additional nutrients and water if
necessary. It would also ensure that all of the soils were exposed to oxygen, water, and
nutrients, without any pockets of contamination being left in the soil matrix. This last
factor is important since microorganisms access the hydrocarbon substrate through the
soil/water/oil interface. That is, the microorganisms would have access to all of the
potential petroleum hydrocarbons available for degradation.
Growth Limiting Nutrient

One variable that could have slowed the rate of biodegradation may have been
insufficient ammonia-nitrogen in the soil. A limitation of many cold regions, and
especially Antarctica is that the soils may be nutrient poor. This poses a special problem
at high concentrations o f introduced petroleum hydrocarbon compounds, such as occurs
after an oil spill. This experiment appeared to indicate that loss o f petroleum
hydrocarbons although to a lower extent when nutrients were absent (water only control).
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However, for maximum petroleum removal and acceleration of the rate of removal, it is
likely that at least some ammonia-nitrogen addition is necessary. Therefore, additional
research should investigate the degree of petroleum hydrocarbon degradation when
additional ammonia-nitrogen is added to the soil.
An additional aspect of this further research should include more definitive
analysis of the total nitrogen in the system. One analysis that was not performed was an
assessment of any organic nitrogen in the microorganisms, either living, or in the soil as
dead cells which could ultimately contribute recycled nitrogen. It may be useful to know
if any of the microorganisms were able to convert nitrate-nitrogen for use, or whether
nitrogen was fixed from the atmosphere.
Soil p H
Although the change in the soil pH may not have been critical to effective
degradation of petroleum hydrocarbon in this research, there is a possibility that a pH
drop may have limited the extent of hydrocarbon degradation. Even though the pH
remained in the range of what is typically thought to be ideal for bacteria, there was
nonetheless a significant decrease in soil pH during the course o f the experiment. An
approximately 1.2 to 1.3 unit pH unit drop occurred during the time when hydrocarbon
degradation appeared to cease. Because the microorganisms may have been adapted to
an alkaline pH in addition to cold temperature, this shift in pH may have inhibited the
extent of JP-8 hydrocarbon degradation.
However, increased microbial growth occurred for several weeks following the
drop in pH. The response of microbial growth and loss of total petroleum hydrocarbons
observed in this research did not follow what might normally be expected in a batch
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biological reaction. In order to refine engineering design parameters for full-scale
implementation of any cold temperature biodegradation project this unknown should be
addressed. For instance, a follow on experiment should be conducted with the soil pH
buffered to remain above pH 8.0.
Diauxic-Like Growth

It is possible that the cause of the apparent pattern of microbial growth, as
inferred by carbon dioxide evolution and MPN count, was due to the microorganisms
adapting to the changed substrate as the hydrocarbon compounds are converted to organic
acids or other intermediates. Because intermediate degradation products may require
different enzymes for degradation, or can be toxic, there may have been a decline in
microbial population due to cell starvation or toxicity of the medium. After cells have
adapted to this environment and/or produced sufficient new enzymes they may have been
able to resume growth. During a follow up experiment, identification and concentrations
of any intermediate products could be accomplished.
Microorganisms

Although detailed evaluation of microbial processes or microorganisms was not
the purpose of this research, a limitation in evaluating the unexpected response in carbon
dioxide evolution and total petroleum hydrocarbon lost was not having detailed
knowledge of the microorganisms predominating in the soil at different time intervals.
Identification o f the predominant microorganism(s) in the soil may have provided
additional information concerning changes in dominant microorganisms in response to
soil pH changes, possible ammonia-nitrogen depletion, or organic substrate form.
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Evaluation of different groups of microorganisms can be evaluated by selective
culturing methods during the course o f the experiment. The major groups of
microorganisms present are likely to be those described in this research. This would
minimize the number of microorganisms that would have to be cultured or tested for. At
a minimum, soil samples could be evaluated microscopically in order to identify
microorganism type (rod, cocci, branching, etc.).
The results of this research suggest that the microorganisms, under the conditions
of this research probably grew to maximum cell sizes prior to replicating. However, this
was not verified. It would also be useful to monitor cell size, protein, and nutrient content
to more precisely estimate biomass produced. This also, could be accomplished by
detailed microscopic evaluation of the microorganisms over their growth cycles in a
similar experiment.
PHB Storage
A significant fraction of the lost petroleum hydrocarbons appeared to have been
incorporated into cell biomass, without cell replication and evolution of carbon dioxide.
This mechanism, however, was not verified. Follow on research should be conducted to
evaluate whether the process of oxidative assimilation can play a role in the removal of
carbon substrate. Verification of this process and identification of any specific
microorganisms and/or conditions could be valuable for the design of full-scale
bioremediation systems. Enhancement of these mechanisms may reduce the required
amount of nutrients that would have to be added. This could result in cost savings and
also reduce the potential for contamination of groundwater if excess ammonia-nitrogen is
converted to nitrates, or if ammonium nitrate is used as the nutrient fertilizer.
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ANTARCTIC SOIL TEMPERATURES
Surface Radiation Received = Rs
Atmospheric Radiation = Ra
Percent Cloud Cover = C
Using the following equation for mean Daily Solar Radiation*
Rs =

Ra [0.803 - 0.340 (C) - 0.458(C2)]

Antarctica - Dec 21 : RA = 45 MJ/M2/day**
Assume Cloud Cover = 0%
Rs

= 45 MJ/ M2/day[0.803 - 0.340(0) - 0.458(O2)]
= 36.14 MJ/M2/day

Using the following equation Maximum Soil Temperature at 1 cm
depth.***
Tmax

= 1-09

(T a ir)

+ 0.878 Rs - 7.10

Assume Air Temperature = -5°C
Tmax

= 109 (-5°C) + 0.878 (36.14 MJ/M2/day)
- 7. 10= 19.2°C|

* Water in Environmental Planning, Dunne T. and L.B. Leopola.
1978, Page 106.
** Atmosphere Science, Wallace & Hobbs. 1977, Page 346.
***A Simple Model for Predicting Soil Temperatures in Desert
Ecosystems, Kemp, Cornelius, and Reynolds. Soil Science.
Vol. 153, No. 4, pp. 280-287.
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Antarctica - Nov. 21 : Ra = 40 MJ/M2/day**
Assume Cloud Cover = 50% = 0.5°C
Rs = 40 MJ/NP/daylO.SOS - 0.340(0.5) - 0.458(0.52)]
= 20.74 MJ/M2/day
Tm ax

= 1.09(-5°C) + 0.878 (20.74 MJ/M2/day) - 7.10
= 5.6°C

Using the following equation Minimum Soil Temperature at 1
depth.***
Tmin
Tair

= 0.97 (Tair) + 0.54

= "5°C

Tmin = 0.97 (-58C) + 0.54
- 4.3°C
Estimate heat loss from soil
Assume soil temperature = 15°C

Conductive Heat Loss:****
Q = K A (A~H t
L
A = 1 M2
t = Time

K = 0.34 J/M2 - S - °C (Soil)

L = 50 cm (above permafrost)
T=15 °C
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Q

^ ( o.34J/M2 - S - °c)(lM 2)[l5 °C - (- 5°c)j|(lsec)
0.50 M
13.6 J/sec = 1.2 MJ/M7day

C onvective and R adiative H eat L o ss:
Q = 0.296(fs - T a ) 125+ 0.174 e [(r s/1 0 0 )4- (T A/1 00 )4]
Ts = 15°C = 518°R
Ta = -5°C = 483°R
e = 1.0 (Assumed black body)
4

Q = 0.296(518 - 483)'25 + 0.174 (1.0) [(5 1 S ) -

4

)]

= 55.8 BTU/hr-ft2= |l5.2 MJ/Mz/day

Heat B u d g et (Dec 21, 0% C louds)
Qin

=

36.2 MJ/M2/day

Qoutc

=

1.2 MJ/M2/day

Qoutc+R =

15.2 MJ/M2/day

AQ = [19.76 MJ/M2/day| = 229 J/M2/sec

**** Physics Concepts & Consequences, Murray & Cobb. 1970,
pp. 443 —445.
***** Calculation Shortcut Desk Book, Ganapathy, v. 1988. Page
20.
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C alculate tim e fo r soil tem p eratu re D ecline a n d R ise
Using the conductive heat loss equation and the convective and
radiative heat loss equation (previous).
Temp.
<°C)
10
9
8
7
6
5
4
3
2
1
-0
-1
-2
-3
-4
-5

C onductive
1 .0 4 0 8 x 1 O'5
9 .7 1 4 3 x 1 0 “®
9.0204 x 10-6
8.3266 x 10"®
7.6327 x 10“®
6 .9 3 8 8 x 1 O'6
6.2449 x 10“®
5 .5 5 1 0 x 1 O'6
4.8572 x 10 “®
4.1633x10-®
3.4694 x 10"®
2.7755 x 10-®
2.0816x10-®
1.3878x10-®
6.9388 x 10'7
0.0

C onvective +
R adiative
0.003054
0.002820
0.002584
0.002354
0.002127
0.001904
0.001685
0.001470
0.001260
0.001054
0.000853
0.000658
0.000470
0.000289
0.000120
0.0

Heat loss at each tem perature in cal/cm2/sec.
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Soil = 1.6g / cm3
A1°C = 0.2 cal/gram
.-. 0.32 calories required for 1.6g soil
Assume 100% blockage of radiation at a starting soil tem perature
= 10°C, then 100% radiation at-5°C.
Gain = 0.0100 cal/cm2/se c (36.2 MJ/M2/day)
. .«
f Convective +A
Losses at T=conductive +
Radiative
...
Time =

0.32cal/cm3
(loss and/or gain)

10°C -> 9°C
_.
0 .3 2 c a l/c m 3
Time =
(0.003054 + 2.4844 x 10'°) cal/cm2/sec
= 1,047 s e c for 1 cm depth
Tem p.

Temp.
(°C)

Temp.

Temp.
(°C)

Temp.

Temp.
(°C)
10-9

1.74

0-> »-1

^27

0-1

0.60

9-8

1.89

8.09

1-2

"o !61

8-7

2.06

11.35

2 -3

0.62

7-6

18.45

3 -4

0.64

6-5

2.26
2.50

-1 - > -2
-2 -> -3
- 3 -> -4

44.44

2.80

*053

4 -5
5 -6

0^66

5-4

-4 -» -5
-5 —> -4

4-3

3.16

-4 —> -3

0.54

6 -7

070

3-2

3.63

0.55

7 -8

0.72

2-1

4.23
5.07

-3 -» -2
-2->-1

0.57

8 -9

0.74

-1 - > - 0

0.59

9-10

077

1-0

(Min.)

5

(Min.)

0.68
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APPENDIX B
VOLATILIZATION CALCULATION
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JP-8 Vapor P ressure at 7°C
Using the Clapeyron Equation*:
L„P„=A -|

A=L„P1+^
b

- L f e /p ,)
[1/T, 1/T2]

Pn = ?

T„ = 280°K (7°C)
Pi = 0.1 mm Hg**
Ti

= 2.93°K (20°C)

P 2 = 5.2 mm Hg ***
T2

= 311 °K (38°C)

Ln / 5.2 mm Hg \
V 0.1 mm Hg '
B = ----------------------— = 20,003
[1/293°K- 1/311°K]
20.003
A = Ln (0.1 mm Hg) + 293°K = 65.97
L n P 7.c = 6 5 .9 7 -

= . 5472

.*. Vapor P ressu re = 0.0042 mm Hg

* Perry’s Chemical Engineering Handbook, 6th Ed., R.H. Perry &
D. Green. 1984.
** Mobil MSDS - Jet Fuel Kerosene Type, 1999.
*** Chevron MSDS - JP8, 1999.
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JP-8 Volatilization Estim ates using the Kang and Oulman
Equation*
(0.33)(0)2PDC i
*-n
RTMt
N

=

0

= 0.40 (Porosity)

1
b - % \

Kmoi/M2/day Hydrocarbon

P

= 1 Atm osphere = 760 mm Hg

D

= 0.786 M2/D ay (Diffusion Coefficient)

C#i

= 1.83 Kg TPH /M 3 Soil (1,150 mg/Kg)

C #2

= 20.7 Kg TPH/ M3 Soil (13,000 mg/Kg)

R

= 82ATM -M 3/KmO| - 0K

M

= 142 kg/Kmo, (JP-8)

T

= 280°K (7°C)

p

= 0.0042 mm Hg (JP-8 at 7°C)

X

=

t

= Days

1.44 x 106 mg - M2/Kmoi (Bioreactor conversion)

* “Evaporation of Petroleum Products from Contaminated Soils”,
Journal of Environmental Engineering. 1996, Vol. 122, No. 5,
pp. 384 - 387.
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Experiment#! Losses
L oss
(mg)
2.25
2.22
2.16
2.12
2.07
2.03
2.0
1.96
1.93
1.90
1.87
1.84
1.81
1.78
1.76
1.73
1.71
1.68
1.66
1.64

LO SS

Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

(mg)
10.4
7.3
6.0
5.2
4.6
4.2
3.9
3.7
3.5
3.3
3.1
3.0
2.9
2.8
2.7
2.6
2.5
2.45
2.4
2.3

Day
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40

Day
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56

Total JP-8 Volatilization loss from Experiment #1 = 141 mg
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L oss
(mg)
1.62
1.60
1.58
1.56
1.54
1.52
1.50
1.48
1.48
1.47
1.46
1.44
1.43
1.41
1.40
1.39
140.85

Experiment #2 Losses
Day
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
1 1 -1 8 =

L oss
(mg)
34.8
24.3
20.1
17.4
15.6
14.2
13.1
12.3
11.6
11.0
10.5
10.0
9.7
9.3
9.0
8.7
8.5
8.2
248.3

L oss
(mg)
8.0
7.8
7.6
7.4
7.3
7.1
7.0
6.8
6.7
6.6
6.5
6.4
6.3
6.2
6.1

Day
19
20
21
22
23
24
25
26
27
28
29
28
31
32
33
34
35
36

L oss
(mg)
Day
37
5.7
38
5.6
39
5.6
40
5.5
41
5.4
5.4
42
43
5.3
44
5.3
45
5.2
46
5.1
47
5.1
5.0
46
5.0
49
50
4.9
I 1-50 = 443.9

6.0
5.9
5.8

JP-8 Lost by day 18 = 248 mg
JP-8 Lost by day 50 = 444 mg
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Day
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67

L oss
(mg)
4.9
4.8
4.8
4.7
4.7
4.7
4.6
4.6
4.5
4.5
4.5
4.4
4.4
4.4
4.3
4.3
4.3

L oss
(mg)
4.2
4.2
4.2
4.1
4.1
4.1
4.0
4.0
4.0
4.0
4.0
3.9
3.9
3.9
3.9
3.8
3.8

Day
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

Day
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
1 1 -1 0 0 =

JP-8 Lost by day 100 = 648 mg

320

Reproduced with permission o f the copyright owner. Further reproduction prohibited without permission.

L oss
(mg)
3.8
3.8
3.7
3.7
3.7
3.7
3.7
3.6
3.6
3.6
3.6
3.6
3.5
3.5
3.5
3.5
647.4

APPENDIX C
CARBON DIOXIDE CALCULATIONS
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Carbon Dioxide (ppm) Experiment #1
Day 5

Day 8

Day 12

1500
1625
1375
1190
1750
-375**
1113

2375
2250
1375
2625
1250
1975
-375
1600

1750
1875
2750
2875
1690
2188
-375
1813

2500
2315
2625
2000
1815
2251
-375
1876

Day 16

Day 19

Day 23

1875
1750
1375
1500
1440
1588
-375
1213

1815
1625
2000
2190
2065
1939
-375
1565

1875
1940
1500
1875
1875
1813
-375
1438

_v
A
00
00»

Day 2

Day 27
1565
1440
1315
1440
1375
1427
-375
1052

* Average of 5 readings
** Atmospheric background C 0 2
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Day 35

Day 30

950
1190
1000
940
875
991
-375
616

1000
1190
1000
1315
1190
1139
-375
764

1125
1190
1315
1375
1440
1289
-375
914

1690
1750
1500
1625
1125
1538
-375
1163

Day 45

Day 40

Conversion of C 0 2 (ppm) to Milligrams

(101.3 KPa) (273-C)

mo COo
day '

1.96 mg C 0 2

101.3 KPa) (273°C + 7°C)

ml C 0 2

Exam ple:
day 5 C 0 2 = 1600 ppm
^1600 ppm ^

1 x10

6

(8650 ml/day) (273°C)
1.96 mg CO 2 "
ml CO ,

280 °C
= 26.5 mg C 0 2/day
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Total C02 Production
36

DAY 12 = 31

DAY 8 = 30

30
CM

o>

DAY 5 = 26.5
26

20

DAY 2 = 1 8.4

Total = 301 mg COz
(Daily Values Interpolated)

16
0

1

2

3

4

5

6

7

9

8

10

11

12

DAYS

25

30i

T o ta l= 5 5 m g C O

T otal = 6 9 m g CO.

CM

o

DAY 1 9 * 2 5 . 9

o 20
a
E

15

0

1<

17

18

1*

27

28

DAYS

DAYS
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28

30

Carbon Mass Balance Experiment #1
Hydrocarbon Loss:
440 mg - 163 mg = 277 mg
(Total)
(Volatilized)
Carbon in Petroleum:
(85%)(277 mg) = 235 mg Carbon
Evolved a s CO 2
(50% to Biomass) =

Evolved a s CO 2
(75% to Biomass) =

235 mg
f 1 2 m g C "l
44 mg CO 2

J

(0.50) =431 mg C 0 2

235 mg
( 12 mg C "I (0.25) = 215 mg C 0 2
44 mg C 0 2

J

Potential Background TOC
Assume 75% to Biomass:
425 mg C 0 2 Evolved - 215 mg C 0 2
= 210 mg C 0 2 =TOC C 0 2
TOC = (210 m C 0 2)

12m C 1
= 57 m
44 m CO

Assume 75% of TOC to Biomass
.-.TOC = 57 mg + 3 (57 mg) = 228 mg
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Carbon Dioxide fppml Experiment #2
[First Growth P h a se ]
Day 2
1725
1850
1775
1900
1650
1780*
-375**
1405

Day 8

Day 5

6400
5775
5650
5600
5525
5790
-375
5415

3150
3275
2900
2850
2775
2990
-375
2615

Day 12
4725
5025
4775
4850
5150
4905
-375
4530

[interm ediate Lag P h ase]
Day 18

Day 22

Day 26

3400
3150
2650
2775
2275
2850
-375
2475

2800
3100
3050
2850
3000
2960
-375
2585

3275
3150
2825
3025
2950
3045
375
2670

* Average of 5 readings
** Atmospheric background C 0 2
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Carbon Dioxide (ppm) Experiment #2
[S eco n d Growth P h ase]
Day 36
5025
3650
4450
4575
4525
4445*
-375**
4070
Day 50
8025
6900
6475
7925
8025
7470
-375**
7095

Day 44

Day 40
5750
5625
4650
5525
4725
5255
-375
4880

5025
5475
6700
6850
5350
5880
-375
5505

Day 54

Day 58
8925
8800
7700
9025
9150
8720
-375
8345

8700
8925
9025
8800
7125
8515
-375
8140

Day 47
8600
5700
6700
5350
6900
6650
-375
6275
Day 61
7525
8350
8150
8475
8575
8215
-375
7840

* Average of 5 bioreactors
** Atmospheric background C 0 2
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C onversion o f CO 2 (ppm ->• mg)

'ml CO,l
mg CO 2 _
day

day

V

(101.3 KPa)(273°C)

(101.3 KPa)(273°C + 7°C)

1.96 mg C 0 2
ml C02

Example:
day 8 C 0 2 = 5415 ppm
r

5415 ppm
1x10

\

6

8650 m% ay )(273°C )
280 °C

1.96 mg C 0 2 >
ml C O 9

= 23.3 mg C 02/day

Day
2
5
8
11
18
22
22

C 02
(PPm)
1405
2615
5415
4530
2475
2740
2670

C 02
(mg/day)
23.2
43.2
89.5
74.9
40.9
42.7
44.1

Day
36
40
44
47
50
54
58
61

C 02
(PPm)
4070
4880
5505
6275
7095
8140
8345
7840

328

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

C 02
(mg/day)
67.3
80.7
91.0
103.7
117.3
134.6
138.0
129.6

Total C02 Production
120

* 115

110

Total = 476 mg C0Z

100
90

1rt Growth Phase
"Growth Estimated to Day 9

80

>90

mg CO

70

=

70

60
50
40
30
20
10

0
0

1

2

3

4

5

6

7

8

DAYS

80
Total = 340 mg C 02

70t ”
Intermediate Lag Phase
60f

o

o
o>

E

50
40

40.9
__a =

42.7
-

♦ -

44.1
—♦

I
22

26

30
20
10

18

DAYS
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9

n

n

co

oc
o

DAYS

o>

o
3
"O
k.
Q.
Cl

o>
in
U5

o
o

co

3

(0

o
I-

«0
CO

o.
c
fia
€5 -«
o>
(S

p

o

o

o
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APPENDIX D
LABORATORY ANALYTICAL DATA SHEETS
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AaA

LABORATORY REPORT
Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept. UIMH

Sample ID:
Analytical Type:

TPH(C9-C40)

Client Designation:

AS-1

AS-2

AS-3

Sample

Sample
sol

Sample
soil

10/8/98
10/8/98
mg/kg
10/9/98
10/9/98
DJS
8100 Mod
1

10/8/98
10/8/98
mg/kg
10/9/98
10/9/98
DJS
8100 Mod
1

820

810

soil
Matrix:
10/6/98
Date Sampled:
10/6/98
Date Received:
mg/kg
Units:
Date of Extractlon/Prep:
10/9/96
10/9/98
Date of Analysis:
DJS
Analyst:
6100 Mod
Method:
1
Dilution Factor:
1100

14267
UNH

E a stern A nalytical, Inc. ID#:

14267 UNH

eastern analytical
C lISiTTTW E ffg. Dept. UNH

Client Designation:

u p f.o /e s s io n a l

la b o ra to ry

Sample condition upon receipt and while In Eastern Analytical, Inc. custody.
The following chart and narrative describes noted sam ple irregularities for the project.

Chain of Custody for these samples is attached.
Sample ID

Date
Rec’d

Date
Samp’d

Sample
Matrix

AS-1

10/8/98 10/8/98

soil

94.8

Acc.

Satisfactory

On Ice

AS-2

10/8/98 10/8/98

soil

94.9

Acc.

Satisfactory

On Ice

AS-3

10/8/98 10/8/98

soil

94.6

Acc.

Satisfactory

On Ice

%Dry
Weight

Preservation

Condition

Temperature

services

Aaa

LABORATORY REPORT
Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept UNH

14519

Client Designation: Antarctic Soils

AS-0

AS-7

AS-8

AS-9

soil
Matrix:
10/16/98
Date Sampled:
10/27/98
Date Received:
mg/kg
Unite:
Date of Extraction/Prep: 10/28/98
10/29/98
Date of Analysis:
DJS
Analyst:
8100 Mod
Method:
1
Dilution Faston

Sample
soil
10/16/98
10/27/98
mg/kg
10/28/98
10/29/98
DJS
8100 Mod
1

Sample
soil
10/16/98
10/27/98
mg/kg
10/28/98
10/29/98
DJS
8100 Mod
1

Sample
soil
10/16/98
10/27/98
mg/kg
10/28/98
10/29/98
DJS
8100 Mod
1

Sample
soil
10/16/98
10/27/98
mg/kg
10/28/98
10/29/98
DJS
8100 Mod
1

Sample
soil
10/16m
10/27/98
mg/kg
10/28/98
10/29/98
DJS
8100 Mod
1

1100

960

1300

630

890

1000

Sample ID:
Analytical Type:

TPH (C9-C40)

AS-4
Sample

AS-5
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LABORATORY REPORT
1 "*

Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept. UNH

Sample ID:

15007

Client Designation: Antarctic Soils

AS-10

AS-11

AS-12

AS-13

AS-14

AS-15

Sample

Sample
soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

Sample
soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

Sample
soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

Sample

soil
Matrix:
11/30798
Date Sampled:
12/1/98
Date Received:
mg/kg
Unite:
Date of Extractlon/Prep:
12/2/98
12/4/98
Date of Analysis:
DJS
Analyst:
8100 Mod
Method:
1
Dilution Factor:

soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

Sample
soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

Sample
soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

930

810

840

760

690

1400

940

800

Analytical Type:

TPH (C9-C40)

AS-16
Sample

AS-17

V
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LABORATORY REPORT
———J

Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept. UNH

Sample ID:
Analytical Type;
Matrix:
Date Sampled:
Date Received;
Units:
Date of Extraction/Prep:
Date of Analysis;
Analyst:
Method;
Dilution Factor:
TPH (C9-C40)

15007

Client Designation: Antarctic Soils

AS-18

AS-19

AS-20

AS-21

AS-22

AS-23

AS-24

Sample
soil

Sample
soil

Sample
soil

Sample
soil

Sample

Sample
soil

Sample

11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

11/30/98
12/1/98
mg/kg
12/2/98
12/4/98

11/30/98
12/1/98
mg/kg
12/2/98
12/4/98

11/30/98
12/1/98
mg/kg
12/2/98
12/4/98

soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98

DJS
8100 Mod
1

DJS
8100 Mod
1

DJS
8100 Mod
1

660

1200

1200

1100

DJS
8100 Mod
1

11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

soil
11/30/98
12/1/98
mg/kg
12/2/98
12/4/98
DJS
8100 Mod
1

970

1100

870
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15007 UNH

Eastern Analytical, Inc. ID#:

eastern analytical
Client Designation: A/itartitio Soils:// lab orato ry

services

Sample condition upon receipt and while in Eastern Analytical, Inc. custody.
The following chart and narrative describes noted sample irregularities for the project.
Chain of Custody for these samples is attached.
Date
Rec'd

Date
Samp'd

AS-10

12/1/98

11/30/98

soil

93.4

Acc.

Satisfactory

On Ice

AS-11

12/1/98

11/30/98

soil

93.4

Acc.

Satisfactory

On Ice

AS-12

12/1/98

11/30/98

soil

92.9

Acc.

Satisfactory

On Ice

AS-13

12/1/98

11/30/98

soil

93.5

Acc.

Satisfactory

On Ice

AS-14

12/1/98

11/30/98

soil

93.5

Acc.

Satisfactory

On Ice

AS-15

12/1/98

11/30/98

soil

92.6

Acc.

Satisfactory

On Ice

AS-16

12/1/98

11/30/98

soil

94

Acc.

Satisfactory

On Ice

AS-17

12/1/98

11/30/98

soil

92.9

Acc.

Satisfactory

On Ice

AS-18

12/1/98

11/30/98

soil

91.6

Acc.

Satisfactory

On Ice

AS-19

12/1/98

11/30/98

soil

93.6

Acc.

Satisfactory

On Ice

AS-20

12/1/98

11/30/98

soil

93.2

Acc.

Satisfactory

On Ice

AS-21

12/1/98

11/30/98

soil

93.3

Acc.

Satisfactory

On Ice

AS-22

12/1/98

11/30/98

soil

95

Acc.

Satisfactory

On Ice

AS-23

12/1/98

11/30/98

60)1

95.1

Acc.

Satisfactory

On Ice

AS-24

12/1/98

11/30/98

60ll

95

Acc.

Satisfactory

On Ice

Sample ID

u>

Sample
Matrix

% Dry
Weight

Preservation

Condition

Temperature
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LABORATORY REPORT

AA a

Eastern Analytical, Inc. ID#:
Client: Civil Eng. Dept. UNH

Sample ID:
Analytical Type:
Matrix:
Data Sampled:
Date Received:
Units:
Date of Extraction/Prep:
Date of Analysis:
Analyst:
Method;
Dilution Factor:
TPH Level 2

15376

Client Designation;

AS2-1

AS2-4

AS2-6

AS2-C1

Sample

Sample

Sample

Sample

soil

soil

soil

soil

12/31/98
1/5/99

12/31/98
1/5/99

12/31/98
1/5/99

1/4/99
1/5/99

mg/kg
1/6/99

mg/kg
1/6/99

mg/kg
1/6/99

mg/kg
1/6/99

1/7/99
DJS
8100 Mod
11

1/7/99
DJS
8100 Mod
11

1/7/99
DJS
8100 Mod
11

1/7/99
DJS
8100 Mod
11

7900

8500

7200

8300

Antarctic Soils

LABORATORY REPORT
Eastern Analytical, Inc. ID#:
Client: Civil Eng. Dept. UNH

Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received:

15376

Client Designation:

Antarctic Soils

AS2-2

AS2-3

AS2-5

AS2-C2

AS2-C3

AS2-C4

AS2-C5

Sample

Sample

Sample

Sample

Sample

Sample

Sample

soil

soil

soil

soil

soil

soil

soil

12/31/98
1/5/99

12/31/98
1/5/99

12/31/98
1/5/99

1/4/99
1/5/99

1/4/99
1/5/99

1/4/99
1/5/99

1/4/99
1/5/99

Units:
Date of Extraction/Prep:

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

1/6/99

1/6/99

1/6/99

1/6/99

1/6/99

1/6/99

1/6/99

Date of Analysis:

1/7/99

1/7/99

1/7/99

1/7/99

1/7/99

1/7/99

1/7/99

DJS
8100 Mod

DJS

DJS
8100 Mod
11

DJS
8100 Mod

DJS
8100 Mod

DJS
8100 Mod

11

8100 Mod
11

DJS
8100 Mod
11

11

11

11

8100

8100

8400

8200

8400

8200

8300

Analyst:
Method:
Dilution Factor:
TPH (C9-C40)
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AA a

LABORATORY REPORT
Eastern Analytical, Inc. ID#:

Client:

Civil Eng. Dept. UNH

Client Designation:

Sample ID:

AS2-C3

AS2-C4

AS2-C5

Analytical Type:

Sample

Sample

Sample

soil

soil

soil

Date Sampled:

1/4/99

1/4/99

1/4/99

Date Received:

1/5/99

1/5/99

1/5/99

93

94

Matrix:

Solids Total

93

15376
Antarctic Soils

Date of
Units Analysis
Percent

1/6/99

Method Analyst
160.3

DJS
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AA

a

LABORATORY REPORT
Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept UNH
Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received:
Solids Total

Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received:
Solids Total

15376
Antarctic Soils

Client Designation:

AS2-1

AS2-2

AS2-3

AS2-4

Sample

Sample

Sample

Sample

soil

SOU

soil

soli

12/31/98

12/31/98

12/31/98

12/31/98

1/5/99

1/5199

1/5/99

1/5/99

95

94

94

S3

AS2'5

AS2-8

AS2-C1

AS2-C2

Sample

Sample

Sample

Sample

soil

soil

soil

12/31/98

1/4/99

1/4/99

1/5/99

1/5/99

1/5/99

93

94

SOU
12/31/98
1/5/99
94

B4

Date of
Units Analysis Method Analyst
Percent

1/8/99

160.3

DJS

Date of
Units Analysis Method Analyst
Percent

1/6/99

160.3

DJS
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LABORATORY REPORT

AA a

Eastern Analytical, Inc. ID#:
Client; Civil Eng. Dept., UNH

Sample ID:
Analytical Type:
Matrix:
Date Sampled;
Date Received:
Units:
Date of ExtractionfPrep:
Date of Analysis:
Analyst;
Method:
Dilution Factor;
TPH Level 2

15600

Client Designation;

Antarctic Soils

AS2-7

AS2-8

AS2-9

AS2-10

AS2-11

AS2-12

Sample

Sample

Sample

Sample

Sample

Sample

soil

soil

soil

soil

soil

soil

2/1/99
2/2/99

2/1/99
2/2/99

2/1/99
2/2/99

2/1/99
2/2/99

2/1/99
2/2/99

2/1/99
2/2/99

mg/Kg

mg/Kg

mg/Kg

mg/Kg

mg/Kg

mg/Kg

2/8/99

2/8/99

2/8/69

2/8/99

2/8/99

2/8/99

2/10/99

2/10/99

DJS
6100 Mod
9

DJS
8100 Mod
9

2/10/99
DJS
8100 Mod
9

2/10/99
DJS
8100 Mod
9

2/10/99
DJS
8100 Mod
9

2/10/99
DJS
8100 Mod
10

7800

8300

8000

7300

7600

8100

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

LABORATORY REPORT

AAa

Eastern Analytical, Inc. ID#:
Client: Civil Eng. Dept., UNH

Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received:
Units:
Date of Extraction/Prep:
Date of Analysis:
Analyst;
Method:
Dilution Factor:
TPH (C9-C40)

16146

Client Designation: Antarctic Soils

ASN-2

FT-1

FT-2

FT-3

ASW-1

ASW-2

ASW-3

ASN-1

Sample

Sample

Sample

Sample

Sample

Sample

Sample

soil

soil

soli

soil

soil

soil

soil

soil

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

Sample

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/2/99

4/2/99

4/2/99

4/2/99

4/2/99

4/2/99

4/2/99
KH
8100 Mod
10
13000

KH
8100 Mod
10

KH
8100 Mod
11

KH
8100 Mod
9

KH
8100 Mod
10

KH
8100 Mod
10

KH
8100 Mod
10

KH
8100 Mod
10

13000

14000

11000

11000

11000

12000

10000
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LABORATORY REPORT

AAa

Eastern Analytical, Inc. ID#:
Client: Civil Eng. Dept., UNH

Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received:
Units:
Date of Extraction/Prep:
Date of Analysis:
Analyst:
Method;
Dilution Factor:
TPH (C9-C40)

16146

Client Designation: A ntarctic Soils

ASN-3

ASF-1

ASF-2

ASF-3

ASF-4

ASF-5

ASF-6

Sample

Sample

Sample

Sample

Sample

Sample

Sample

soil

soil

soil

soil

soil

soil

soil

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

3/25/99
3/26/99

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/1/99

4/2/99

4/2/99

4/2/99

4/2/99

4/2/99

4/2/99

4/2/99

KH
8100 Mod
10

KH
8100 Mod
10

KH
8100 Mod
10

KH
8100 Mod
10

KH
8100 Mod
11

KH
8100 Mod
11

KH
8100 Mod

10000

8500

7600

7800

8900

6500

8000

11

Eastern Analytical, Inc. ID#: 16146 UNH

AA a

Client Designation: Antarctic Soils

Client: Civil Eng. Dept, UNH

Sample condition upon receipt and while in Eastern Analytical, Inc.
custody.
The following chart and narrative describes noted sample irregularities for the project
Chain of Custody for these samples is attached.
,
Sample ID

Data
B#C>(J

O at*
Samp’d

Sample
M atrix

FT-1

3/2 6/99

3/25/99

soil

FT-2

3/2 6/99

3/25/99

soil

90.8
93

% Dry
Weight
93.4

Temperature

Preservation

Condition

Acc.

Satisfactory

On ice

Acc.

Satisfactory

On Ice

Acc.

Satisfactory

On Ice

FT-3

3/2 6/99

3/25/99

soil

ASW-1

3/2 6/99

3/25/99

soil

93.3

Acc.

Satisfactoiy

On Ice

ASW-2

3/2 6/99

3/25/99

soil

95.5

Acc.

Satisfactory

On Ice

ASW-3

3/2 6/99

3/25/99

son

93.5

Acc.

Satisfactory

On Ice

ASN-1

3/26/99

3/25/99

son

97

Acc.

Satisfactory

On Ice

ASN-2

3/2 6/99

3/25/99

soil

98.1

Acc.

Satisfactory

On Ice

ASN-3

3/2 6/99

3/25/99

soil

97

Acc.

Satisfactory

On Ice

ASF-1

3/26/99

3/25/99

soil

95.4

Acc.

Satisfactory

On Ice

ASF-2

3/2 6/99

3/25/99

soil

93.3

Acc.

Satisfactory

On Ice

ASF-3

3/26/99

3/25/99

son

93.2

Acc.

Satisfactory

On Ice

ASF-4

3/26/99

3/25/99

son

93.3

Acc.

Satisfactory

On Ice

ASF-5

3/26/99

3/25/99

soil

92.7

Acc.

Satisfactory

On Ice

ASF-6

3/26/99

3/25/99

soil

91.7

Acc.

Satisfactory

On Ice

Abbreviation*: Ace. « Accceptabl*
N arrative:

AtEPAP

« Adhered to EPA Protocol

HA ■ Not Appltcebte

The samples were properly preserved and the pH measured when
applicable unless otherwise noted.

345
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AA

a

LABORATORY REPORT
Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept, UNH
Sample 10:
Analytical Type:
Matrix:
Date Sampled;
Date Received:
Solids Tola)

Client Designation:
AS2-8

AS2-9

AS2-10

Sample

Sample

Sample

Sample

soil

eoH

sol

soil

2/1/99

2/1/99

2/1/99

2/1/99

2/2/99

2/2/99

2/2/99

2/2/99

95

94

94

94

AS2-11

AS2-12

Analytical Type;

Sample

Sample

Date Sampled;
Date Received;
Solids Total

Antarctic Solla

AS2-7

Sample ID:

Matrix:

15600

soil

soil

2/1/99

2/1/99

2/2/99

2/2/99

94

94

Date of
Unite Analysis Method Analyst
Percent

2m m

160.3

RTW

Dele of
Units Analysts Method Analyst
Percent

2m m

160.3

HZ
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LABORATORY REPORT

AAA

Eastern Analytical, Inc. ID#:
Client: Civil Eng. Dept., UNH

Sample ID:

15508

Client Designation: Antarctic Soils

C1-1

C1-2

C1-3

C1-4

C2-3

C2-4

C2-5

C2-2

Analytical Type:
Sample
soil
Matrix:
1/19/99
Date Sampled:
1/21/99
Date Received:
Units:
mg/kg
Date of Extraction/Prep:
1/28/99
2/9/99
Date of Analysis:
TS
Analyst:
8100 Mod
Method:
10
Dilution Factor:

Sample

Sample

Sample

Sample

Sample

Sample

Sample

soil

soli

soil

soy

soU

soil

soil

1/19/99
1/21/99

1/19/99
1/21/99

1/19/99
1/21/99

1/19/99
1/21/99

1/19/99
1/21/99

1/19/99
1/21/99

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

1/19/99
1/21/99
mg/kg

1/28/99

1/28/99

1/28/99

1/28/99

1/28/99

1/28/99

1/28/99

2/9/99

2/9/99

2/9/99

2/9/99

2/9/99

2/9/99

2/9/99

TS
8100 Mod
10

TS
8100 Mod
10

TS
8100 Mod
10

TS
8100 Mod
10

TS
8100 Mod
11

TS
8100 Mod
10

TS
8100 Mod

TPHLevel2

3200

2900

2700

2500

9200

12000

12000

9600

TPH(C„8-C,20)

1600

1400

1200

1100

7600

10000

9700

7900

TPH (C^20-C,40)

1600

1500

1500

1500

1600

2200

2000

1700

mg/kg

11

a

LABORATORY REPORT
Eastern Analytical, Inc. ID#:

Client: Civil Eng. DepL, UNH
Sample ID;
Analytical Type:
Matrix:
Date Sampled:
Date Received:
Solids Total

Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received;
Solids Total

CM

15508

Client Designation:

Antarctic Solla

C1-2

C1-3

C1-4

Sample

Sample

Sample

Sample

soil

soil

soil

sol

1/19/99

1/19/99

1/1SV99

1/19/99

1/21/99

1/21/99

1/21/99

1/21/99

es

es

95

04

C2-3

C2-4

C2-5

C2-2

Sample

Sample

Sample

Sample

soil

soil

sox

sox

1/19/99

1/19/99

1/19/99

1/19/99

1/21/99

1/21/99

1/21/99

1/21/99

93

94

93

93

Data o f
Unite Analysis Method Analyst
Percent

1/26/90

160.3

Data o f
Unite Analyele M ethod
Percent

1/28/99

160.3

D3

I
1
<
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LABORATORY REPORT

AA a

Eastern Analytical, Inc. ID#:
Client: Civil Eng. Dept., UNH

Sample ID:
Analytical Type:
Matrix:
Date Sampled:
Date Received;
Unite:
Date of Extraction/Prep:
Date of Analysis:
Analyst:
Method:
Dilution Factor:
TPH (C9-C40)

17017

Client Designation: Antartic Soils

BS-1

BS-2

BS-3

CS-1

CS-2

CS-3

Sample

Sample

Sample

Sample

Sample

Sample

soil

soil

5/25/99
5/28/99

5/25/99
5/28/99

soil

soil

soil

soil

5/25/99
5/28/99

5/25/99
5/28/99

5/25/99
5/28/99

5/25/99
5/28/99

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

mg/kg

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

6/1/99

KH
8100 Mod

KH
8100 Mod

KH
8100 Mod

KH
8100 Mod

KH
8100 Mod

KH
8100 Mod

11

11

11

11

11

11

1100

970

890

10000

13000

15000
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Eastern Analytical, Inc. ID#:

Client: Civil Eng. Dept., UNH

17017 UNH

Client Designation: Antartic Soils

Sample condition upon receipt and while in Eastern Analytical, Inc. custody.
The following chart and narrative describes noted sam ple irregularities for the project.
Chain of Custody for these samples is attached.
u>

o

Date
Rec’d

Date
Samp'd

BS-1

5/28/99

5/25/99

soil

94.3

Acceptable

Satisfactory

On Ice

BS-2

5/28/99

5/25/99

soil

93.3

Acceptable

Satisfactory

On Ice

BS-3

5/28/99

5/25/99

soil

92.8

Acceptable

Satisfactory

On Ice

CS-1

5/28/99

5/25/99

soil

93.6

Acceptable

Satisfactory

On Ice

CS-2

5/28/99

5/25/99

soil

93.2

Acceptable

Satisfactory

On Ice

CS-3

5/28/99

5/25/99

soil

93.2

Acceptable

Satisfactory

On Ice

Sample ID

Sample
Matrix

% Dry
Weight

Preservation

Condition

Temperature

